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Abstract

Gold nanoparticles, particularly gold nanorods, have been widely used as sensors and
imaging agents due to their unique and tunable morphology-dependent properties and intriguing
plasmonic resonance. However, the increasing need of new materials with enhanced properties
and functionality led scientists to discover novel hybrid nanomaterials, which involves the
formation of two or more components into one nanoplatform. Hence, gold nanorod-based hybrid
nanomaterials exhibit simultaneous synergistic effects between the phenomenal plasmonic
properties from gold nanorods and the intrinsic properties of the other constituents. The
functionality of gold nanorod-based hybrid nanomaterials greatly increases due to its enhanced
performance characteristics, which directly impacts the research interests in the chemical,
biological, and environmental fields. In this work, we successfully fabricated several different
types of gold nanorod-based hybrid nanomaterials: silica coated gold nanorods, metals-tipped
silica coated gold nanorods, silica encapsulated silver coated gold nanorods, and silica
encapsulated Pt plated gold nanorods. The fundamental understandings of each of these hybrid
nanomaterials are investigated in terms of its mechanism and plasmonic properties, as well as its
impact on various applications such as surface enhanced Raman scattering and catalysis.
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Chapter 1 Introduction of Gold Nanorods
1.1 Introduction
Nanotechnology is an evolving field that directly improves, even revolutionizes, our
modern society. Some examples include solar energy, transportation, food safety, medicine, etc.
The concept of manipulating and controlling atoms and molecules at the nanoscale requires
precision and a fundamental understanding of the physical properties. Nanotechnology is a highly
integrated field encompassing physics, chemistry, biology, materials science, and engineering.
Therefore, for the past few decades, scientists have become more eager to discover the potentials
of nanotechnology.
One major discovery is the development of nanomaterials, which is used to exhibit and
mimic the novel characteristics of materials at the macroscale. Nanomaterials consist of at least
one dimension and is less than 100 nanometer in size. Materials at the nanoscale are often
engineered to optimize its magnetic, optical, and electronic properties. Nanomaterials are applied
in many areas such as solar energy,1 medicine,2 food safety,3 and electronics.4 One specific type
of nanomaterial is gold nanoparticles, which possess unique optical and electronic properties.5
The noble metal, gold, in its molecular form is highly applicable ranging from catalysis to
medication.6,7
Gold nanoparticles (GNPs) possess characteristic properties such as highly tunable shape
and size, which directly affects the intrinsic properties of gold. Additionally, the surfaces can be
manipulated with charge, polarity, biocompatibility, etc (Figure 1.1). Thus, the fundamental
understanding of GNPs would allow for the creation of hierarchical nanostructures and further
exploit its intrinsic characteristics.

Figure 1.1 The characteristics of gold nanoparticles and its unique platform for surface coating
and manipulation. (Partially adapted from Advanced Drug Delivery Reviews 2017, 109, 84-101.
Copyright 2015, Elsevier B.V. [link])
Many believe that nanoparticles are the creation of technology and chemical manipulation.
However, nanoparticles have long been discovered. Silver and gold nanoparticles were used in
stained glass windows in medieval churches during the 6th century. In the modern era, Michael
Faraday discovered colloidal “ruby” gold, which inaugurated the concept of colloidal chemistry.8
Followed by Michael Faraday, Richard Feynman introduced the ideology of atomic and molecular
control and manipulation, which kicked off the advancement of nanotechnology.9
The size of nanoscale objects is difficult to imagine, and it is impossible to see with the
naked eye. The word, “nano”, derived from the Greek “nanos” meaning dwarf.10 By definition,
one nanometer is one-billionth of a meter. On a comparative scale, if a quarter is a nanometer, then
one meter would be the size of the Earth, as demonstrated in Figure 1.2.
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Figure 1.2 Nanometer scale comparison as a quarter is a nanometer, then one meter would be the
size of the earth.
When compared to bulk materials, the properties of the material at the nanoscale change
significantly due to the “quantum” effects. Thus, properties such as melting point, electrical
conductivity, fluorescence, and chemical reactivity are all dependent on particle size. Therefore,
the manipulation of particle size would allow functional applications in fields such as biomedicine,
optical, electronic, and environmental health. In addition to its quantum effects, another advantage
of nanoscale materials is their large surface-to-volume ratio. As the surface area per mass
increases, interaction of surrounding materials increases, thus influencing its reactivity. One of
many benefits for the large surface-to-volume ratio is the improved reactivity, which help create
better catalysts. Nanostructure materials are engineered to provide cheaper and more efficient
catalysts that impact the oil and chemical industries.11,12
Materials at the nanoscale include many different types of nanoparticles, which all have
their own characteristic advantages and disadvantages. Nanoparticles are composed of three major
categories: organic, inorganic, and hybrid nanoparticles (Figure 1.3). Organic nanoparticles
include, but are not limited to, lipids, polymers, proteins, etc. The application of polymeric
2

nanoparticles is widely used in biomedical research due to its biocompatibility and flexibility in
the physiological states. Additionally, polymeric nanoparticles can be manipulated to functionalize
with biomolecules such as peptides and antibodies to target specific ligands and conjugation.13
Besides polymeric nanoparticles, inorganic nanoparticles such as metallic nanoparticles are
becoming an emerging field that greatly impact the modern society.

Figure 1.3 Three major types of nanoparticles: organic, inorganic, and hybrid nanoparticles.
(Reproduced with permission from Biomolecules 2019, 9, 22.)
1.2 Intrinsic Properties and Applications
The diversity of metallic nanoparticles, especially silver and gold, possesses unique
intrinsic properties such as surface plasmon resonance. Plasmons refer to a collective motion of
large numbers of electrons propagating in matter. These metallic nanoparticles act as antennas for
light because when the surface of metallic nanoparticles is irradiated by an incident
electromagnetic field, the conduction electrons undergo a collective oscillation that are resonating
with the same frequency as the incident light.14 These oscillations of electrons produce a secondary
electric field, known as localized surface plasmon resonance (LSPR).15 Under resonant excitation,
3

large electric field enhancements around the metallic nanocrystals can be achieved due to its ability
to concentrate the electromagnetic waves within the near-field regions that are close to their
surfaces.16 Thus, the LSPs can be observed as peaks in the absorption and scattering spectra, via
instrumentations such as UV-Visible spectrophotometer. Due to the absorption and scattering
effects of noble nanoparticles upon excitation, these enhancements give rise to a variety of
applications utilizing light-matter interactions, such as surface enhanced Raman scattering,17
optical and plasmonic nanoantenna effects,18,19 and photothermal conversion.20 The optical
properties of metallic nanoparticles provide an advantage due to its LSP with resonance
wavelength in the visible and near-infrared range, thus creating strong plasma absorption. These
plasmonic and optical properties are highly dependent on the size and shape, or generally the
geometry, of the nanoparticles.
The fine tuning of the shapes and sizes of the nanostructures remains one of the greatest
challenges in the field of materials science. The optical, electronic, and catalytic properties are
highly dependent on the morphologies of the nanostructures. For example, changing the sizes and
shapes of GNPs can alter the color of the bulk material due to its surface absorption. Thus, the
ability to gain control in improving the yield, aspect ratio, and uniformity during the fabrication of
nanostructures is crucial and have been widely investigated.
Compared to spherical GNPs, gold nanorods (GNRs) have drawn remarkable attention due
to their unparalleled physical properties, which offer significant advantages in LSPR. One of many
advantages is instead of one plasmon mode in spherical GNPs, GNRs exhibit two plasmon modes,
as shown in Figure 1.4A. The two modes refer to the transverse and longitudinal LSPR, where the
collective electrons oscillate along the width and length axis of the nanorods, respectively. The
longitudinal LSPR appears in the longer wavelength, or the red side of the transverse peak, due to
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the longer path of the electrons’ movement along the length axis of GNRs (Figure 1.4B). The
longitudinal LSPR is highly sensitive to the dielectric constant of the surrounding medium, as well
as to their length-to-width ratio, also known as aspect ratio.21 Through chemical manipulation, the
longitudinal LSPR can be synthetically tuned anywhere from the visible all the way to nearinfrared region, which are shown pertinent in biomedical applications.22

Figure 1.4 Localized surface plasmon resonances of GNRs. A) Schematic illustration of the
longitudinal and transverse oscillation of conduction band electrons (purple arrows) upon LSPR
excitation. B) LSPR absorption bands spectrum of GNRs, demonstrating the longitudinal and
transverse plasmon bands along with long axis (A, top) and short axis (A, below), respectively.
(Reprinted with permission from J. Nanomater. 2019, 2019, 1-11.)
The extraordinary plasmonic and optical properties of metallic nanoparticles, especially
GNRs, are at the forefront for a wide variety of scientific studies and technological applications.
An emerging field that has recently been greatly impacted by the advancement of metallic
nanomaterials is biomedical sciences, such as bioimaging,23 cancer therapy,24 biological sensing25,
and targeted drug delivery.26 More specifically, Durr et al. demonstrated the use of GNRs as
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contrasting agents for noninvasive three-dimensional cancer imaging via two-photon
luminescence imaging.27 Additionally, Huang et al. studied and illustrated the dual functionality
of GNRs as imaging/therapy agent to distinguish between malignant cells.28 Last but not least,
Mayer et al. utilized GNRs as biosensor to study and monitor real-time biomolecular dynamic
interactions via its LSPR properties.29
Despite the growth of interests of GNRs in biomedical applications, non-biological and
theoretical industrial applications have also been widely exploring the opto-electronic properties
of GNRs. For example, Zhang et al. demonstrated a sensitive and selective method to detect
molybdate in water sample with GRNs as plasmonic sensor and has proved its lowest reported
detection limit.30 Another example illustrated the catalytic efficiency of the high aspect ratio and
long-chain ionic liquid capped-GNRs.31 Additionally, Mubeen et al. fabricated a photovoltaic
device in the use of solar harvesting, which all charge carriers and electrons are derived from
plasmonic GRNs.32
1.3 Synthesis Methods
Since the first introduction of colloidal gold nanoparticles in 1857 by Michael Faraday,
there have been various number of synthetic methods in the fabrication of gold nanocrystals. For
the synthesis of GNRs, there are two general growth methods: bottom-up and top-down. For
bottom-up approach, GNRs are synthesized via nucleation, where gold salts are used to supply the
gold source through reduction. On the other hand, top-down approach usually requires the
combination of different physical lithography processes along with the gold deposition. In the
syntheses of GNRs, bottom-up approach is generally employed for its high yield and uniformity.
In bottom-up approach, there are several methods to synthesize GNRs including but not limited to
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wet-chemical,33 electrochemical,34 and photochemical reduction35 techniques. In these methods,
gold salts are generally solvated in aqueous solution and reduced by various reducing agents, such
as ascorbic acid and sodium borohydride. The focus of this chapter introduces the wet-chemical
and electrochemical methods in the fabrication of GNRs.
1.3.1

Wet-chemistry
Wet-chemical methods are more commonly adopted in the fabrication of colloidal GNRs.

The most common method in synthesizing high yield of GNRs with the use of cationic ammonium
surfactant is via ‘seed-mediated’ growth method. This particular method originated and developed
independently by Murphy et al36 and El-Sayed et al.37 The seed-mediated growth method in the
presence of additive metallic ions, generally silver, often produces not only higher yield of uniform
and monodispersed GNRs, but also allows for finer control of the rods’ aspect ratios.38
In a typical seed-mediated growth method, small gold seed particles are first prepared by
the reduction of gold chloroauric acid (HAuCl4), or gold salt, with a strong reducing agent, such
as sodium borohydride (NaBH4), stabilized in an aqueous cetyltrimethylammonium bromide
(CTAB) solution. These as-prepared seeds are CTAB-capped rather than the commonly adopted
citrate-capped seed particles. Then, a certain amount of as-prepared seeds solution is added to the
growth solution of HAuCl4 and CTAB. The Au(III) complex ions are then reduced by a weaker
reducing agent, ascorbic acid (AA), to Au(I) complex ions. The weak reducing agent cannot reduce
Au(III) completely to Au(0), thus the use of as-prepared seeds. The seed particles act as catalysts
as the final reduction step to drive Au(I) to Au(0), forming rod-shaped nanoparticles.37,39,40 The
synthesis of seed-mediated growth method is illustrated in Scheme 1.1. During the growth
synthesis, it is crucial to take into account the pH of the solution because the reduction potential
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of AA is pH-dependent. Meaning, the reduction potential is lower under acidic condition and vice
versa. Therefore, if the reaction is too basic, above pH 9, reduction potential of AA will be high
enough to reduce Au(I) to Au(0) even in the absence of seeds. Thus, the seeded growth mechanism
becomes ineffective.41

Scheme 1.1 Schematic illustration of the seed-mediated growth of gold nanorods.
Although the reduction processes of gold ions allow for in-depth insight to the formation
of rod-shaped nanoparticles, the synthesis requires both thermodynamic and kinetic control. This
sensitivity significantly complicates the reaction with increasing number of parameters, ranging
from chemical choice and concentration to the sensitivity of the environment, such as temperature
and pH. One of the most important chemical choices in the fabrication of GNRs is the suitable
cationic ammonium surfactants, such as CTAB. CTAB is the most commonly and heavily used
surfactant in the synthesis. Not only do surfactants act as stabilizing agents to prevent aggregation
between nanorods, they also act as directing agents. Since CTAB is amphiphilic, it forms micelles,
or bilayers, to guide the longitudinal growth of GNRs (see also section 1.4.1). These micelles, or
bilayers, are regarded as “soft templates”. Additionally, the properties of surfactants, such as chain
length and counterions, are found to play a critical role in the synthesis of GNRs. For example,
Gao et al. studied different hydrocarbon tail lengths of CTAB and proved that the longer the chain
length producing longer length of GNRs.42 Garg et al. investigated the role of bromine ions in
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CTAB and identified the inhibition of rod growth on the side, or the width of the rods, during the
elongation of GNRs.43
Furthermore, silver ions are introduced in the growth solution to develop high yields of
GNRs; hence, the silver-assisted growth method. In the presence of Ag, the reduction during
growth happens more selectively on the tips, which was driven kinetically in symmetry breaking,
while stabilizing the lateral facets of the rods due to thermodynamics.40 Additionally, Ag ions may
form AgBr complex during the growth. Hubert et al. investigated AgBr complex to deposit on the
surfaces of the rods at the gold-CTAB interfaces, directing the growth by selectively inhibiting
growth on specific crystal facets.44 In general, a higher concentration of Ag ions will increase the
aspect ratio of GNRs. Liu et al. studied the effects of Ag ions in the growth of GNRs and
demonstrated the growth mechanism and the kinetics in the presence of Ag.45
1.3.2

Electrochemistry
In addition to the wet-chemical approach, electrochemistry is another synthetic method in

fabricating GNRs, especially with elongated GNRs. Instead of using surfactants as “soft
templates”, anodic aluminum oxide (AAO) membranes are often used as the “hard template”.
These “hard templates” are usually cylindrical and monodisperse perpendicular pores with high
tunability and density. The general methodology follows the bottom-up approach, where gold ions
are reduced inside the nanoporous membranes, usually fabricated out of alumina or polycarbonate
materials. One of its advantages allows for easy manipulation and adjustment of the length, which
enable the yield of different sizes of GNRs but maintain its aspect ratios. On the other hand, there
are a few disadvantages such that template-dependent method requires constant controlled
environment in order to maintain the stability of GNRs or nanoparticles of interest. Thus, it may
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inevitably increase the complexity of a synthetic procedure and greatly limit the quantity that can
be obtained in each synthesis. In addition to complex synthetic procedure, it follows with
additional steps that are required in the removal of solid template to release the nanorods and
disperse into solvents for subsequent characterization and application.46
1.4 Surface Modification
Another important factor that may alter the above-mentioned properties is the surface
manipulation of GNRs. Surface manipulation is essential in colloidal chemistry due to potential
instability in aqueous solution. Researchers have continued to design different synthetic approach
and method to achieve stability and dispersibility not only in aqueous but also in polar solvent or
phase. In order to maintain GNRs stability and versatility in various environment, the common
surface surfactant-capped GNRs can be manipulated through chemical species exchange and layerby-layer polyelectrolyte technique. In the following subsections, I will dive into the two major
surface modification techniques of GNRs.
1.4.1

Surface Ligands and Ligands Exchange
The most common surfactant used to stabilize GNRs is CTAB, which adsorbs strongly to

the gold surface of the nanorods.47 The desired optical properties may be lost due to the disturbance
of the CTAB around the nanorods, which could cause complete or partial aggregation in solution.
The CTAB molecules is amphiphilic and form bilayers on the surface of GNRs (Figure 1.5).
Amphiphiles contain a hydrophilic head and a hydrophobic tail. The hydrophilic head group in
CTAB is the positively charged ammonium, which binds tightly to the negatively charged gold
surface via electrostatic interaction.39 The hydrophobic tail group contains long carbon chain
which considers as nonpolar, thus will disassemble in water. To overcome aggregation, another
10

layer of CTAB is formed to interact with the other hydrophobic tails via the van der Waals
interactions. Conversely, the hydrophilic heads point outward, interacting with the surrounding
media, such as water.

Figure 1.5 CTAB-capped gold nanorods, illustrating the formation of bilayers on the surface of
gold nanorods.
Even though CTAB-capped GNRs (CTAB-GNRs) allow for high yield and homogeneity,
these surfactant-capped GNRs are only stable in water and have shown cytotoxicity in literature
studies from the CTAB molecules.48 Therefore, as-synthesized CTAB-GNRs are often not, by
itself, useful in translational studies, especially in the field of biomedical sciences.
To overcome the abovementioned limitations of CTAB-GNRs, the surface of GNRs can
be modified with small molecule compounds and polymers for further functionalization. Polymer
molecules are efficient and widely used mediums for surface modification especially molecules
with thiol groups (-SH). The sulfur in the thiol group is shown and proven to have high affinity
towards the gold surface.49 Due to its high affinity properties, thiolated molecules can easily
exchange with the surfactant molecules from the gold surface.50 There are many different thiolated
molecules, however, smaller molecules may cause aggregation and poor dispersibility in solution.
Thus, one common thiolated molecule used in functionalizing GNRs is poly(ethylene glycol)
methyl ether thiol (PEG-SH), which is a large thiol-terminated polymer with repeating ethylene
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ether units, which can be specified based on desired molecular weight. PEGylated GNRs, or PEGGNRs, allow for complete stabilization in water and polar organic solvents due to its ethylene
glycol hydrophilicity, which allow for hydrogen bonding with solvents.51
In addition, PEG-SH polymer comes with different charged functional groups on the other
end of PEG, such as amine and carboxylic acid, which enable the fabrication of complex
nanostructures, such as self-assembled superstructures via electrostatic interactions or biomolecule
conjugated nanostructures.52 PEG-GNRs is often used in biological systems due to its
biocompatibility, stability, functionality, and hydrophilicity. PEG functionalized GNRs also
reduce cytotoxicity significantly, which are shown to effectively improve in vivo and in vitro
biomedical applications.53 For example, Joshi et al. fabricated a robust bioconjugated PEGylated
gold nanorods and demonstrated in vivo optical and photoacoustic imaging of cancer cells, as
shown in Figure 1.6.54

Figure 1.6 Demonstration of in vivo optical and photoacoustic imaging of cancer cells, utilizing
antibody bioconjugated gold nanorods. (Reprinted with permission from Bioconjugate Chem.
2013, 24, 878-888. Copyright 2013, American Chemical Society. [link])

12

1.4.2

Layer-by-Layer
Besides the simple surface ligands exchange of the positively charged CTAB molecules to

other small compound or polymeric ligands, another well-studied and applied surface modification
technique is the deposition of polyelectrolytes (PE) on the surface of GNRs. The deposition of PE
often adopts an alternating positive and negative charged polymer. The most commonly used
positive charged polymer is poly(diallydimethylammonium chloride), or PDADMAC; and the
negative charged polymer, poly(sodium-4-styrenesulfonate), or PSS. With the alternating
deposition of PE, a layer-by-layer (LBL) is assembled and can achieve polymer multilayers on the
surface of GNRs (Figure 1.7).55 Since the CTAB molecules yield a positively charged head group,
anionic (PSS) is deposited to adsorb onto the positively charged CTAB via electrostatic interaction,
and so forth until the desired number of layers are accomplished. The balance between the ionic
strength, molecular weight, and deposition time between the PE are crucial for the assembly of a
successful LBL. In order to guarantee a desired LBL multilayer, the intra- and intermolecular
electrostatic repulsion between the anionic and cationic PE on the surface of GRNs are highly
monitored, allowing the PE to rest in a flexible and extended conformation.56
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Figure 1.7 Schematic illustration of LBL surface modification with anionic (PSS) and cationic
(PDADMAC) polyelectrolytes. (Partially adapted with permission from Chem. Mater. 2005, 17,
1325-1330. Copyright 2005, American Chemical Society. [link])
The effectiveness of LBL surface functionalization method supports molecular loading on
or within the PE multilayers via electrostatic interactions. For example, Sivapalan et al.
demonstrated the attachment of organic chromophore onto the surface functionalized GNRs via
electrostatic interaction and shown to have plasmonic enhancement of two photon absorption.57
Huang et al. illustrated that the plasmon illumination time can tune the release rate of the
electrostatically adsorbed molecules from GNRs with the control of light.58
1.5 Gold Nanorod-Based Hybrid Nanomaterial
The broad versatility of surface modification of GNRs allows for the advancement of
complex nanostructures, creating hybrid nanomaterials. Hybrid nanomaterials consist of two or
more materials that have been added or combined to improve a particular property. More
specifically, the intrinsic properties of its individual constituents are combined, enhancing
14

physiochemical properties due to synergistic effects between the components. Thus, the properties
result from hybrid nanomaterials are highly tunable with the change in composition and
morphology, creating enhanced performance and characteristic. GNR-based nanomaterials include,
but not limited to, core-shell nanostructures, multimetallic nanostructures, and metalsemiconductor nanostructures. Due to the relevancy of my thesis, the following subsections will
introduce GNRs-supported hybrid core-shell and multimetallic nanostructures.
1.5.1

Silica-Based Core-shell Nanostructure
Core-shell nanostructures can be broadly defined as comprising a core that resides as the

inner material; whereas, a shell is the outside layer material. More recently, core-shell
nanostructures have emerged at the forefront of materials chemistry and many other fields, such
as electronics, optics, biomedical, pharmaceutical, etc. Core-shell nanostructures consist of a wide
range of combinations, such as inorganic-inorganic, inorganic-organic, etc. Amongst the different
combinations of nanostructures, inorganic-inorganic core-shell nanostructures have attracted great
deal of attention, owing to their multifunctional properties in improving efficiency, catalysis,
bioimaging, biosensing, etc. Inorganic-inorganic nanoparticles are, generally, made of metals,
metal oxides, or silica. Therefore, the core-shell nanoparticles can be broadly classified as either
silica-containing or other inorganic materials (Figure 1.8).59 In this specific section, I will focus
on introducing silica-based core-shell nanomaterial: silica coated gold nanorods (GNRs@SiO2),
where GNRs reside as the core and silica as the shell.
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Figure 1.8 Left) Schematic illustration of silica coated GNPs, demonstrating core-shell structure.
Right) Transmission electron microscopy image of silica coated GNPs. (Reprinted with permission
from Nanoscale 2018, 10, 15365-15370. Copyright 2008, Royal Society of Chemistry.)
Silica-based surface chemistry has well been established to demonstrate its versatility in
surface functionality, as well as its physical properties in the enhancement of chemical and thermal
stability. Silica has also proven its advantages as a shell material for its chemical inertness, optical
transparency, and tunable porous structure that allows for size-selective permeability.60 More
importantly, silica coating greatly increases the stability of colloidal gold nanoparticles while
preserving their unique optical properties. Therefore, the fabrication of silica shell has attracted
much attention in enhancing the functionality of gold nanoparticles. The formation of silica
undergoes the hydrolysis and condensation of silica precursor, also known as the sol-gel reaction,
as shown in Scheme 1.2.61 In general, silica precursors consist of organosilanes, such as the
commonly used tetraethyl orthosilicate (TEOS). There are couple of different methods to
synthesize silica. For example, the most studied Stöber method-based silica, or mesoporous silica,
is synthesized in the presence of surfactant, such as CTAB. As CTAB molecules adsorb onto
GNRs, it forms a template for the deposition of the hydrolyzed silica precursors, resulting in the
formation of silica on the surface.62 Additionally, Perez-Juste et al. investigated a novel silica-
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coating method by adopting layer-by-layer technique in combination of the sol-gel reaction, which
the thickness of the silica shell were successfully controlled.63

Scheme 1.2 The synthesis and formation of silica via the sol-gel reaction, where R is an alkyl
chain. For silica precursor, such as TEOS, R = -CH2CH3.
Due to the versatility and overwhelming advantages of silica, the achievement of robust
and controlled growth of silica shells on gold nanorods are a value for future applications.
GNRs@SiO2 have been widely fabricated and studied, which have shown to have considerable
potentials. For example, Xu et al. successfully fabricated GNRs@SiO2 with significantly enlarged
pore size and allowed GNRS@SiO2 to serve as both the contrast and therapeutic agents for
positron emission tomography and photoacoustic imaging-guided chemo-photothermal therapy in
vivo.48 Sanz-Ortiz et al. developed a synthetic method for the fabrication of GNRs@SiO2 and
studied its plasmonic properties via surface enhanced Raman scattering, which proved to be a
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versatility family of SERS probes.14 Last but not least, Abadeer et al. studied the distance and
plasmon wavelength dependent fluorescence of dye coupled to GNRs@SiO2, witnessing 10-fold
maximum fluorescence intensity enhancement.15
1.5.2

Multimetallic Nanostructure
Although silica coated gold nanorods are amongst the most studied type of core-shell

nanostructure, metals overcoating GNRs are also considered as metal-metal core-shell
nanostructure. The advantages in the integration of GNRs with other types of metals value distinct
physiochemical properties that are useful in various applications, such as plasmonics and catalytic
performances. For example, the uninterrupted electron diffusion between the core and shell can
greatly improve catalytic activity via synergistic interactions such that the stability of the shell
during catalysis can be supported by the metal core.64 One specific noble metal, silver (Ag), is
amongst the most popular metal employed in creating hybrid nanostructure due to its optimal
plasmonic property that exhibit larger light scattering than nanomaterials made of other metals.65
Many studies have pursued the synthetic method and fundamental understanding of Ag coated
GNRs (GNRs@Ag) core-shell nanostructures and the effects on a variety of applications. For
example, Okuno et al. developed a rapid growth method of Ag shell in cetyltrimethylammonium
chloride solutions, resulting in uniformity and controllable formation of Ag shell coating GRNs.66
Different morphology of Ag shell has also been investigated by tuning surface molecules and
chemical parameters, fabricating dumbbell-like Ag shells with sharp tips decorating GNRs
(Figure 1.9).67
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Figure 1.9 A) Schematic illustration of the formation of GNR@Ag core-shell nanostructure. B)
TEM image of dumbbell-like Ag shell decorating GNRs; inset shows high magnification. Scale
bar: 100 nm. (Reprinted with permission from J. Mater. Chem. 2011, 21, 15608. Copyright 2011,
Royal Society of Chemistry.)
In addition to the use of Ag in GNR-based hybrid nanomaterials, palladium (Pd) and
platinum (Pt) are the other two noble metals that are widely studied and used to integrate with
GNRs in order to improve catalytic activities. Both Pd and Pt are crucial in the industry in which
Pd nanoparticles play an important role in catalytic hydrogenation68, and Pt nanoparticles are often
used in petroleum separation processing69. Thus, researchers have shown great interest in pushing
the boundaries in decorating GNRs with Pd and/or Pt to further enhance the stability and catalytic
performance. For example, Song et al. fabricated Pd coated GNRs with individual Pd nanoclusters
on the surface of GNRs due to the lattice mismatch between Au and Pd, however, the
polycrystalline nature exhibits a beneficial property in catalytic applications.70 Instead of having
two metals as one hybrid nanomaterial, a combination of multiple metals in one system is also
achieved. For example, Zhang et al. developed a novel hybrid nanomaterial in which PdPt alloy
nanodots are fabricated and coated on the surface of GNRs, creating an effect catalyst to maintain
proper Fe levels in body.71 These GNR-based hybrid nanomaterials remain in high demand due to
19

its multifunctional nature, thus motivating scientists to continuously innovate new hybrid
nanomaterials.
1.6 Challenges and Goals
The novelty of GNR-based hybrid nanomaterials presents invaluable properties and
multifunctionality in materials science and beyond. However, there are several challenges that
cause complications in the assembly of hybrid nanomaterials due to the complexity of combining
multiple components into one nanoplatform. Thus, the obstacles need to be addressed and hurdled.
Firstly, the development of effective approaches in the fabrication of GNR-based hybrid
nanomaterials are pertinent in order to consistently produce repeatable and monodispersed
nanomaterials. Secondly, aggregation is commonly witnessed in the synthesis of metallic
nanoparticles, which can inhibit the enhanced properties and functionality of the hybrid
nanomaterials. Last but not least, desired properties and applications are highly dependent on the
composition and morphology of hybrid nanomaterials, thus, morphological controllability and
tunability is crucial in our studies.
The prospects of this thesis are to address the abovementioned challenges faced in the
fabrication of GNR-based hybrid nanomaterials, as well as to investigate the morphologydependent properties and applications. In order to prevent nanoparticle aggregation, the idea of
constructing a “mask” for GNRs is employed with the use of silica as a shell. As the shell is
developed, the controllability of the formation and its mechanisms are to be explored. Additionally,
a variety of different types of desired and controlled GNR-based hybrid nanomaterials are aimed
to be fabricated. More importantly, the impacts on physiochemical properties, as well as its effects
on applications of the created GNR-based hybrid nanomaterials are one of the key motivations
behind my thesis work.
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1.7 Thesis Overview
The work described in this thesis focuses on the various types of plasmonic-based hybrid
nanomaterials. Each hybrid nanomaterials are introduced and discussed in four separate chapters.
Each nanomaterial has its own unique composition and morphology with its enhanced
performance characteristics and applications. This thesis will dive deep into each mechanism to
help understand the fundamentals of plasmonic hybrid nanomaterials.
As seen in Chapter 1, the plasmonic properties, synthesis methods, and surface
modification of gold nanorods, as well as the characteristics of different hybrid nanomaterials are
introduced. An overview introduction of GNR-based hybrid nanomaterials and its prominence in
various scientific field are introduced as well. The first type of hybrid nanomaterial is the coreshell silica coated gold nanorods and its plasmonic properties are introduced in Chapter 2. The
formation of silica, its impact on plasmonic properties, and its performance on surface enhanced
Raman scattering (SERS) are studied. After a detailed study on the formation of silica, selective
silica coated gold nanorods are explored in Chapter 3. The robustness of silica induces metal
overgrowth on exposed surface of Au, developing site-specific bimetallic hybrid nanomaterial to
exploit the high electromagnetic field at the tips of GNRs. The plasmonic properties of each
bimetallic nanostructures are examined via UV-Vis spectroscopy. Additionally, the complexity of
Chapter 4 establishes a systematic synthetic approach, ultimately constructing bimetallic Pt coated
gold nanodumbbells, modified gold nanorods, nanocatalysts that exhibit different catalytic
activities due to its morphology-dependent properties. Last but not least, chapter 5 reveals an
extension of plasmonic nanomaterial in the fabrication of 2-dimensional gold nanosnowflakes.
Although gold nanosnowflakes are not GNR-based, the plasmonic properties of gold
nanosnowflakes are explored on the performance of SERS.
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Chapter 2 Dumbbell-Like Silica Coated Gold Nanorods and their Plasmonic Properties
Reproduced with permission from Wang, M.; Hoff, A.; Doebler, J.E.; Emory, S.R.; Bao, Y.
Dumbbell-Like Silica Coated Gold Nanorods and their Plasmonic Properties. Langmuir 2019, 35,
16886-16892. Copyright 2019, American Chemical Society [link]
2.1 Introduction
Core/shell nanostructures, one popular type of composite nanoparticles, where the core
component is fully encapsulated by another component as a shell, have been widely synthesized
and investigated for various applications in the areas of sensing,72 electronics,73 and
catalysis.59,74,75. These nanostructures can provide special advantages, such as maximizing the
active interface between the two components and protecting the core component from the
surrounding environment. But the core-shell structure can also result in diminished direct
interaction between the core material and the surrounding environment, thus limiting its uses in
applications that require such direct interaction.
By tuning the interface between the two components, dumbbell-like nanostructures with a
partially coating covering the core can be synthesized. The coatings are separated spatially in welldefined manner, allowing both components to interact with the surrounding environment. For
example, Lal and co-workers fabricated a dumbbell-like structure composed of polystyrene and
silica and used it as a template for preparing silica nano-bowls.76 Minko and co-workers applied
biodegradable dumbbell-structured nanoparticles for local pulmonary delivery of hydrophilic and
hydrophobic molecules to the lungs.77 Glaser and co-workers demonstrated that dumbbellstructured nanoparticles composed of gold and iron oxide can reduce the interfacial tension at the
oil/water interface significantly.78 Overall, dumbbell-like nanostructures can be useful for a variety
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of applications which require the core to have direct contact with the surrounding environment
while still permitting the shell to provide additional functionality.
Gold nanorods (GNRs) have been coupled with various coating materials to form
dumbbell-like structures. When compared to spherical gold nanoparticles, an outstanding
advantage of GNRs is their anisotropic structure which possesses two characteristic plasmon
bands: a transverse band in the visible region and a longitudinal band in the near infrared (NIR)
region.79,80 The longitudinal band is highly sensitive to the aspect ratio of the GNR and its
environment, which has lead GNRs to become one of the most popular candidates for applications
in sensing81, catalysis82 and thermal therapy.83
Researchers have fabricated GNRs with a variety of coating materials in dumbbell-like
morphology.84–88 For example, Wu and co-workers coated TiO2 on the tips of GNRs to form
dumbbell structures and studied their performance on photocatalytic applications. They found that
with this dumbbell structure, TiO2 on the tips of GNRs acts as a filter for hot electrons from GNRs,
which satisfies the electron refilling requirement. The dumbbell structure exhibits plasmonenhanced hydrogen evolution under visible and NIR light irradiation.88 Due to the dumbbell
structure, the GNRs are partially exposed to the environment, and can generate a concentrated
electromagnetic field, resulting in enhanced hot-electron generation and photocatalytic activity.
Grzelczak and co-workers synthesized dumbbell-like Au/Pt nanorods and found that Pt coated at
the ends of GNRs significantly enhanced absorption of light, thus producing band broadening due
to the relative changes in the aspect ratio after tip-coating. Such a strong shift does not occur for
fully coated Pt on GNRs. Such dumbbell-like Pt-coated GNRs have potential applications in which
a broad spectral region is required, such as biosensing.87 Overall, dumbbell morphology has been
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used to improve applications in which the GNR core needs to be partially exposed to the
environment.
Silica shells have been successfully deposited on a variety of colloidal particles of metals,
metal oxides, and semiconductors. Silica coated gold nanorods (GNRs@SiO2) have several
unique properties such as high stability, adjustable morphology and shell thickness,
biocompatibility, and capability of surface functionalization.15 GNRs@SiO2 with dumbbell-like
morphology have been utilized for various applications. For example, Wang and co-workers
employed GNRs@SiO2 as a hard template to further fabricate complex materials.89,90 Szychowski
and co-workers used dumbbell-like GNRs@SiO2 for selectively etching GNRs with cysteamine,
resulting in elongated and sharpened tips for the GNRs.91 While those studies have used
GNRs@SiO2 with dumbbell morphology for various purposes, they have not investigated the
ability to control attributes of this morphology, including the shell thickness and the shell material
distribution over the GNRs, which are important for fine-control of the LSPR property and will
eventually impact the use of GNRs.
This paper describes our detailed study on the controllability of dumbbell morphology of
silica coated GNRs. By varying chemical concentrations in the syntheses, the morphology of
GNRs@SiO2 can be tuned between dumbbell and cylinder. Of these two, using the dumbbell
morphology results in a smaller impact to LSPR properties. Additionally, the silica shell thickness
can be controlled, which further impacts LSPR properties. Finally, the impacts of both
morphologies on the surface-enhanced resonance Raman scattering (SERS) performance are
investigated with the dumbbell morphology having better performance.
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2.2 Experimental Section
2.2.1

Materials.
Hexadecyltrimethylammonium bromide (CTAB), gold (III) chloride trihydrate

(HAuCl4∙3H2O), L-ascorbic acid (L-AA), hydrochloric acid (HCl), tetraethylorthosilicate (TEOS),
ammonium hydroxide (NH4OH), and ethanol (EtOH) were purchased from Sigma-Aldrich (USA).
Sodium borohydride (NaBH4) was purchased from Merck, and silver nitrate (AgNO3) was
purchased from Fisher Scientific (USA). All chemicals were used as received without further
purification.
2.2.2

Synthesis of Gold Nanorods.
Gold nanorods were synthesized via a seed-mediated growth method.33 To prepare the

seeds, 0.250 mL of 0.01 M HAuCl4 was added to 10.0 mL of 0.1 M CTAB. 0.600 mL of 0.01 M
NaBH4 was then added. The solution color changed from orange to light brown, indicating the
formation of gold seeds. The solution was stirred for 2 min and left to stand for 2 hrs. For the
growth solution, a solution of surfactants was first prepared by dissolving 1.445 g of CTAB into
40 mL nanopure water at 45 °C and cool to room temperature before use. Then, 2.0 mL of 0.01 M
HAuCl4 and 0.800 mL of 1 M HCl were added to the surfactant solution and shaken for 30 seconds.
This was followed by the addition of 0.400 mL of 0.01 M AgNO3 and 0.320 mL of 0.1 M L-AA
and shaken for another 30 seconds. Finally, 0.096 mL of Au seed solution was added and the
solution was shaken for 30 seconds and then left in a 35 °C water bath for at least 16 hrs. The final
products were isolated and collected by centrifugation at 18,000 rpm for 15 min and were dispersed
in 40 mL nanopure water.
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2.2.3

Synthesis of Silica Coating for GNRs.
The method reported by Nikoobakht was employed for the silica coating of GNRs.92 In a

typical synthetic process, after the initial synthesis and purification, 15.0 mL of gold nanorod
solution was centrifuged a second time at 18,000 rpm for 15 min. The supernatant was removed
and the precipitate was dispersed into 10.0 mL of 1 mM CTAB solution. During gentle stirring,
0.1 M NH4OH was added to adjust the pH to 10.4. Then, three 5 µL injections of 20% (v/v) TEOS
in ethanol was added to the solution at 30 min intervals. The solution was then left under stirring
conditions for at least 12 hrs at room temperature. Then, the solution was centrifuged and washed
with ethanol two times at 12,500 rpm for 8 min. After that, the sample was ready for
characterization.
While this basic approach to synthesizing silica coating will be used throughout the paper,
we have made some modifications in order to study the structural control of GNRs@SiO2.
Modifications were done on CTAB concentrations, volume percentage of TEOS in ethanol, and
amount of TEOS. The specifics of how the quantities of these three chemicals are changed from
this example approach will be discussed later.
2.2.4

Material Characterization.
Scanning transmission electron microscopy (STEM) imaging was conducted using a

JOEL-7200F field emission SEM operated at 30 kV. All the material sizes were measured via
STEM images by ImageJ software. The STEM samples were prepared by drop casting samples
onto copper grids. UV-vis absorption spectra were measured using a Jasco V 670 UV-Vis-NIR
spectrophotometer. The SERS spectra were acquired on a Raman spectrometer (DeltaNu
Advantage 633) equipped with a laser (632.8 nm) with an intensity of approximately 3 mW at the
sample surface. Samples were prepared by adding 5 μL of crystal violet (100 μM) solution into 1
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mL of silica-coated gold nanorods. The solution was mixed homogenously and left undisturbed
overnight. Then, the solution was centrifuged to remove excess CV and dispersed in ethanol or
water solvent, ready for characterization. All Raman spectra of silica coated GNR samples were
obtained at ethanol solvent; the Raman spectrum of CTAB coated GNRs were obtained in water
solvent. The focal length is 16.45 nm. The integration time for all spectra is 10 s except when noted
otherwise.
2.3 Results and Discussion
The overall coating process to obtain nanorods with the dumbbell morphology is
schematically shown in Figure 2.1a. The successful formation of dumbbell-like nanostructures is
based on a careful control of chemical concentration and pH value. As discussed in the
experimental section, the GNRs were prepared via the seed-mediated approach. After purification,
the GNRs were stabilized with extra CTAB in aqueous solution. The silica encapsulated GNRs
were prepared by injecting shell precursor solution (TEOS) three times into the GNR solution.
The coating process was performed in a water/ethanol cosolvent condition.
The morphology of as-synthesized GNRs and dumbbell GNRs@SiO2 were characterized
with scanning transmission electron microscopy (STEM). We observed that the as-synthesized
GNRs possessed a uniform and well-defined rod-like structure with an average length and aspect
ratio of 53 nm ±10 nm and 3.9 ± 0.8, respectively, as seen in Figure 2.1b. The yield of synthesized
GNRs is about ~95%, obtained from STEM images with low magnification. A careful silica
coating based on receipt mentioned above can result in silica deposited at both ends of the gold
nanorods (Figure 2.1c). Compared to gold, silica is more transparent under the scanning
transmission electron microscope because the darkness of STEM depends on the atomic number
of the material in the sample. Material with a lower atomic number (here, silica) are more easily
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penetrated by the electrons and will be more transparent in the image than material with larger
atomic numbers (here, gold). The thickness of the silica shell on the end of gold nanorods in Figure
1c is about 13.6 ± 2.0 nm.

Figure 2.1 a) Schematic illustration for the preparation of dumbbell morphology of GNRs@SiO2;
b) STEM image of the as-synthesized GNRs; c) STEM image of the as-prepared dumbbell
morphology of GNRs@SiO2. Synthetic conditions: 1 mM CTAB, 15 µl of 20% (v/v) TEOS in
ethanol, pH ≈ 10.4. Scale bar: 100 nm.
Controlling the location of silica deposits. The morphology of silica materials is highly
dependent on the experimental conditions during the silica coating. Concentration changes in
chemicals such as CTAB, ethanol, and TEOS may significantly alter the size and shape of silica
by affecting the nucleation and growth.
The CTAB molecule serves as a template for the deposition of silica, and its concentration
will affect silica morphology. Our results showed that CTAB concentration is an important factor
for determining the location of silica deposition. In this study, in order to control CTAB
concentration, GNRs were centrifuged twice after synthesis, so the concentration of CTAB was
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less than 0.01 mM.93 Then, we re-disperse purified GNRs back into solutions with various
concentrations of CTAB before the process of silica coating. In all cases, we used 6 µL TEOS (30
µL of 20% TEOS in ethanol). The impact of CTAB concentration on silica coating is shown in
Figure 2.2a-c.
When the purified GNRs were re-dispersed into a solution with 1 mM CTAB, we found
that individual GNRs were still separated from each other after the silica coating, and GNRs were
fully encapsulated by silica. Under such conditions, the resulting diameters of the silica-coated
GNRs are very similar at the middle of GNR (r1, in Figure 2.2) as at the end (r2, in Figure 2.2),
which indicates that in this case, the silica’s morphology on GNRs is cylindrical (r1/r2 close to 1).
The cylindrical morphology of GNRs@SiO2 remains for samples synthesized with 2, 3, 4, 5 mM
CTAB (Figure 2.3a-d) solutions. However, by further increasing the CTAB to 6, 7, 8, 9 mM, we
find that the silica shell becomes non-uniform. Some GNRs have a thinner silica shell in the center
than at the end, resulting in a dumbbell morphology with the r1/r2 ratio being less than one (Figure
2.2c). These relationships between the CTAB concentration and the r1 and r2 values are
summarized and plotted in Figure 2.2c. It clearly shows that with a higher concentration of CTAB,
the diameter at the ends of the GNRs (r2) remains largely unchanged, and the diameter in the
middle of the GNR (r1) falls substantially. This implies the morphology evolves from cylindrical
to dumbbell as the CTAB concentration increases. When the CTAB concentration reaches up to 9
mM, the r1/r2 width ratio is below 1 and has a small standard deviation (0.55 ± 0.17) which means
that most of the silica coating has a dumbbell morphology as seen in Figure 2.2b.
When the concentration of CTAB is at 6 mM, the observed r1/r2 ratios have a larger
standard deviation than at other observed concentrations (0.72 ± 0.28), and those observed ratios
both include approximately one as well as substantially less than one (Figure 2.2c). This indicates
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that at this level of CTAB concentrations, there is a mixture of both cylinder and dumbbell
morphologies of silica coating (Figure 2.3e).

Figure 2.2 (a-b) STEM images of GNRs@SiO2 with increasing CTAB concentrations. a) 1 mM
b) 9mM; insets are corresponding model for morphology of GNRs@SiO2; c) the diameter at the
center of GNRs@SiO2 (r1) and at the end GNRs@SiO2 (r2) as a function of additional CTAB
concertation. d) the diameter from center (r1) and the end (r2) of GNRs@SiO2 as a function of
ethanol amount. Scale bar: 100 nm.

Figure 2.3 (a-c) STEM images of silica-coated gold nanorods with increasing CTAB
concentration a) 2 b) 3 c) 4 d) 5 and e) 6mM. Scale bar: 100 nm (scale bar in (a) applies to all).
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Another key factor for controlling the location of silica deposition is the amount of ethanol
mixed with the TEOS. Ethanol is used to improve the solubility of hydrophobic TEOS in solvent,
and more importantly, it changes the CTAB distribution around GNRs to facilitate TESO diffusion
to the surface of GNRs.94 Figure 2.2d summarizes how the diameters of the silica shell change
with the amount of ethanol. When the TEOS was used with only 5 µL ethanol as shown in Figure
2.4a, barely any silica appears on the surface of the GNRs. This indicates that with little ethanol,
it is difficult for TEOS to be hydrolyzed for silica coating on the surface of GNRs, as the TEOS is
hydrophobic. When TEOS is mixed with additional ethanol using a volume ratio of about 1:4
(ethanol is 12 µL), TEOS started depositing silica at the end of GNRs, forming the dumbbell
structure (shown in Figure 2.4b, identical to Figure 2.5c. When a TEOS-to-ethanol volume ratio
of 1:9 (ethanol is 27 µL) was used, the silica fully encapsulates the GNRs with a uniform coating
as shown in Figure 2.4c, creating the cylindrical morphology.

Figure 2.4 (a-c) STEM images of GNRs@SiO2 with increased amount of ethanol mixed with 3
μL TEOS a) 5 μL; b) 12 μL; c) 27 μL. Scale bar: 100 nm.
Controlling the thickness of silica deposits. The amount of TEOS used as silica precursor is
another critical factor for controlling the silica deposition on GNRs. In Figure 2.1c, 3 µL TEOS
(15 µL 20% TEOS in ethanol, 1mM of additional CTAB solution) was used and silica was
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primarily deposited on the ends of GNRs due to the relatively low amounts of TEOS, resulting in
the dumbbell morphology.
When increasing the amount of TEOS and ethanol mixture (the volume percentage of
TEOS in ethanol is maintained at the same level), the additional TEOS will attach near the center
of GNRs. For example, when using 4.2 µL TEOS (Figure 2.5a), the surface of GNRs@SiO2 is
now fully encapsulated by silica, though it remains thicker near the ends than at the center. As the
amount of TEOS increases to 6 µL, the thickness of silica continues to increase.
The overall relationship between the TEOS amount and the average silica shell thickness
at the center of the GNRs can be found in Figure 2.5c. When increasing the TEOS volume from
3 µL to 6 µL, the average thickness of the silica shell at the midpoint of the GNRs gradually
increases from 13.2 ±2.2 nm to 19.8 ±2.5 nm, and the morphology of silica shell switches from
dumbbell to cylindrical. It is notable that using additional TEOS beyond 6 µL did not result in a
thicker silica shell. This is because the reaction time between each addition of TEOS is fixed at 30
minutes so when relatively large amounts of TEOS are used, it does not have enough time to fully
condense to silica. A control experiment has been conducted where we add TEOS with 5 min
interval, here the silica shell thickness was 15.2 ± 2.1 nm instead of 19.8 ± 2.5 nm as was obtained
with a 30 min interval. The STEM is shown in Figure 2.6. Similar results have been reported by
others.95
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Figure 2.5 (a-b) STEM images of GNRs@SiO2 with increased amount of TEOS (20% v/v in
ethanol); a) 4.2 µL; b) 6 µL c) silica shell average thickness at center of GNR as a function of
increased amount of TEOS. Scale bar: 100 nm.

Figure 2.6 STEM image of GNRs@SiO2 with 6 μL amount of TEOS and 5 min interval time
between each addition. Scale bar: 100 nm.
Mechanism. In our colloidal solutions, GNRs are surrounded by a double layer of CTAB of
varying densities, which dynamically exchange one layer of CTAB with free CTAB in the bulk
solution.96 In addition to stabilizing GNRs as surfactants, the CTAB acts as a template on GNRs
for the TEOS. TEOS is the precursor of silica which prefers to interact with the hydrophobic ends
of CTAB, located in the middle of the CTAB double layer, and then condenses to silica. In our
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study, the preference for deposition location for TEOS, and thus the ultimate location of the silica
deposits, is highly dependent on the chemical situation of the GNRs’ surface, as well as on the
potential presence of CTAB micelles in the solution which were composed of excess CTAB.
Essentially, as the CTAB concentration increases, the ability of CTAB double layer to
retain TEOS grows, but the strength of energy barrier that the TEOS needs to cross to get inside
the double layer grows as well. This strengthening occurs at different rates on different areas of
the GNR, with the sides of the GNRs having stronger energy barriers than the ends. Silica
deposition will ultimately be found where there is a sufficiently strong double-layer of CTAB to
keep the TEOS in place when there is enough TEOS so it can cross the energy barrier. Increasing
the TEOS concentration allows the TEOS to surmount stronger CTAB energy barriers.

Figure 2.7 The morphology formations of GNRs@SiO2 under various conditions.
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Figure 2.7 summarizes how changing levels of CTAB and TEOS impact the morphology
of the silica coating. This figure includes three colored regions corresponding to no coating,
dumbbell morphology and cylindrical morphology.
The grey area in Figure 2.7 is where no silica is coated on the GNR’s surface. In this area,
the ratio of TEOS to CTAB is small and the TEOS is not able to overcome the CTAB energy
barrier and be adsorbed in the middle of the CTAB bilayer. Thus, no coating will occur. This area
corresponds to results from Figure 2.8b.

Figure 2.8 (a-c) STEM images of GNRs@SiO2 with various amount of TEOS and CTAB
concentration: a) 1 mM CTAB, 18 μL TEOS b) 9 mM CTAB, 3 μL TEOS; c) 9 mM CTAB, 18
μL TEOS. Scale bar: 100 nm.
By increasing the ratio of TEOS to CTAB, the silica formed on the GNR’s surface with a
dumbbell morphology, shown in the orange area. This is because the bilayer of CTAB is less
ordered and less dense at the end of GNRs than on the side owing to the larger curvature at the
end. It would thus take more energy for TEOS to penetrate and condense on the side of GNRs than
at the end. When the amount of TEOS available to GNRs is relatively low, TEOS will be unable
to surmount the energy barrier on the sides of the silica and will instead only penetrate the CTAB
at the ends of the GNRs where the energy barrier is lower, resulting in silica the deposition of silica
at these locations. This area corresponds to results from Figure 2.1c and Figure 2.2b.
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The blue region is where the cylinder morphology of silica coating is formed. Here, the
ratio of TEOS to CTAB is very high. The TEOS will be able to overcome the higher CTAB energy
barrier on the sides of the GNRs, as well as at the ends. In this case the TEOS can fully penetrate
the double layer of CTAB and condense to silica around the GNRs. This area corresponds to results
from Figure 2.5a-b, Figure 2.8a and Figure 2.9d.

Figure 2.9 (a-d) STEM images of GNRs@SiO2 with increased amount of TEOS; a) 0 µL; b) 1.2
µL; c) 3.2 µL; d) 4.8 µL. Scale bar: 100 nm.
An alternative way to have the TEOS penetrate this energy barrier is to increase the amount
of ethanol in the solution. When additional ethanol is present in the solution, the CTAB distribution
on the surface of GNRs is changed due to the reduced polarity of solution. The density of CTAB
on the side of the GNRs is decreased, which allows the TEOS to more easily penetrate the CTAB
layer on the GNRs. Thus, in a situation where a normal level of ethanol would result in a dumbbell
morphology, increasing the amount of ethanol can result in the silica fully encapsulating the GNR
with uniform coating, resulting in the cylindrical morphology (Figure 2.4c).
LSPR Impact. The LSPR property of dumbbell GNRs@SiO2 was studied by UV-vis
spectroscopy. Figure 2.10a shows the UV-vis absorption spectra of as-synthesized GNRs without
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a silica coating (black line) and GNRs@SiO2 with the dumbbell morphology using 15 µL of 20%
TEOS in ethanol and 1mM CTAB (blue line). In both spectra, two distinct peaks can be observed
at around 515 nm and 800 nm which are assigned to the transverse and longitudinal plasmon
resonances, respectively.90,97,98 Comparing the two spectra, we found that they have a similar
extinction peak at 515 nm (transverse peak), while the longitudinal peak shifted from 800 nm to
809 nm after the silica coating. It is known that the longitudinal peak is extremely sensitive to the
dielectric constant of the immediate environment.99 Such a shift could be due to the increase in the
local refractive index of the media surrounding the GNRs. Initially, the GNRs were surrounded by
water (with a refractive index of 1.33). After the silica coating with dumbbell morphology, parts
of the GNRs were instead surrounded by silica (with a refractive index of 1.46)
As the amount of TEOS in the reaction increased, the LSPR peak was clearly continuously
red shifted (Figure 2.10b). The amount of TEOS results in both morphology and shell thickness
change. The increased shell thickness, meaning the thickness at the center of GNR, will cause the
morphology to change from dumbbell to cylindrical, which impacts the LSPR red shifting. Once
the morphology reaches to cylindrical, even with more TEOS, the thickness of silica shell does not
vary anymore. As shown in Figure 2.10c, this additional red shifting continued until the TEOS
volume reached approximately 4.8 µL. This is because after that point, the excess TEOS did not
result in increased thickness of the silica shell, as seen earlier in Figure 2.10c.
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Figure 2.10 (a) UV-to-NIR spectra of GNRs before and after silica deposition forming dumbbell
morphology (3 µL TEOS); (b) NIR spectra of samples corresponding to each synthetic condition
(TEOS amount: 3 µL, 4.2 µL, 4.8 µL and 6 µL); c) The variation of LSPR peak of samples with
different amount of TEOS.
SERS Performance. It has been known that GNRs can be used as effective SERS substrates due
to their superior SERS enhancement compared to gold nanospheres100. We examined how the
dumbbell morphology for GNRs@SiO2 affects the SERS enhancement for molecular sensing
applications as compared to other morphologies. Crystal violet (CV) was used as a probe molecule
to evaluate the SERS enhancement of the dumbbell GNRs@SiO2.
Figure 2.11a shows a SERS spectrum of CV adsorbed on the dumbbell GNRs@SiO2 (3
µL TEOS, 12 µL ethanol, 1mM CTAB). The bands in the SERS spectrum at 912, 1173 and 1379
cm-1 are assigned to the ring skeletal vibrations, C–H in-plane bending vibrations and N-phenyl
stretching, respectively. The bands at 1535, 1591 and 1620 cm-1 are attributed to ring C–C
stretching.101 As the TEOS increases over the range of 3 µL to 6 µL while maintaining other
chemical amount the same, the relative SERS intensity is decreased (Figure 2.11b). Over this
range, the average thickness of the silica shell is increasing, and the morphology is becoming more
like a cylinder, as seen in Figure 2.5c. We hypothesize the weakened SERS is due to the increased
silica shell thickness and eventual full encapsulation of silica on GNRs, leading to diminished
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contact of GNRs with the surrounding environment. The effect of silica coating on SERS response
was also reported by B. Bassi et. al.102 They studied how the thickness of silica thin layer of silica
on the surface of gold nanostar impacts the SERS response. Similar with our finding, they found
that the thin layer of silica reduces the SERS performance of gold nanostars. The SERS intensity
of CV on dumbbell morphology of GNRs@SiO2 (3 µL TEOS) and bare CTAB coated GNRs were
also compared shown in Figure 2.12, it is clear that the SERS intensity from GNRs@SiO2 with
dumbbell morphology (3 µL TEOS) is about 10 times stronger than the SERS intensity from bare
CTAB coated GNRs. It is also worth mentioning that the CTAB coated GNRs are unstable in
ethanol solution while the GNRs@SiO2 are stable in both water and ethanol phase. Thus, the SERS
experiment for CTAB coated GNRs is carried out in water phase.

Figure 2.11 (a) SERS spectrum of CV on dumbbell morphology of GNRs@SiO2 (3 µL TEOS);
(b) SERS intensity variation of band at 1620 cm-1 as a function of the amount of TEOS; (c) SERS
intensity of band at 1620 cm-1 comparison among various morphologies.
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Figure 2.12 SERS spectra of CV on dumbbell morphology of GNRs@SiO2 (3 µL TEOS, blue
line) and on bare CTAB coated GNRs (black line).
To find further evidence supporting this hypothesis, we evaluated the SERS performance
of GNRs@SiO2 for samples that were predominantly dumbbell, predominantly cylindrical, and a
mixture of the two obtained from experiments discussed previously in Figure 2.5 and Figure 2.7.
In this case, the “predominantly dumbbell” sample is obtained from 9 mM CTAB conditions, 30
µL of 20% (v/v) TEOS in ethanol and 81.8% of the GNRs have the dumbbell morphology. The
“mixture” samples are the ones that produced Figure 2.1c and the 6 mM CTAB result from Figure
2.3c. These samples feature 30.3% and 23.2% dumbbell morphology, respectively, with the
remaining GNRs having a cylinder morphology. The “cylinder” results are the remaining samples
used in Figure 2.2c and Figure 2.5c and contain very few, if any, GNRs with dumbbell
morphology. For the “predominantly dumbbell” sample, the enhancement factor (EF) is calculated
based on the equation shown below.103
EF =

𝐼!"#! /𝑐!"#!
𝐼#! /c#!

Where ISERS is the intensity of Raman spectra of the sample with certain concentration (CSERS),
and IRS is the intensity of the normal Raman spectra obtained from same analyte solution with
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concentration (CRS). Taking the 1620 cm-1 peak as an example, IRS was 642 counts and ISERS were
measured to be 7597 counts under identical experimental conditions. CRS was calculated about 9.09
× 10-6 M and CSERS was calculated about 4.98 × 10-7 M. Thus, the EF value at 1620 cm-1 for the
“predominantly dumbbell” sample is about 2.2 × 10-2. Figure 2.13 shows both the SERS spectrum
and Raman spectrum of crystal violet. The EF for the “predominantly dumbbell” sample is about
2.2 × 10-2. We believe the very low EF might be because the SERS signal is coming from
individual GNRs.

Figure 2.13 SERS spectrum of 9.1 μM CV on “predominantly dumbbell” morphology of
GNRs@SiO2 (9 mM CTAB conditions, 30 μL of 20% (v/v) TEOS in ethanol, blue line) and
Raman spectrum of pure 50 μM CV ethanol solution (red line); the integration time for both spectra
are the same.
The summary of these results is shown in Figure 2.11c. The results agree with our
prediction that GNRs@SiO2 with cylindrical morphology should give the lowest SERS intensity,
and the dumbbell morphologies should show the highest intensity. It is understandable that the
GNRs@SiO2 with cylindrical morphology shows the lowest SERS intensity due to their greater
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average silica thickness, and for a similar reason, it is understandable that the dumbbell
morphology has the highest SERS intensity.
2.4 Conclusions
In summary, we have demonstrated a detailed study on the controllability of dumbbell
morphology for GNRs@SiO2. The concentration of CTAB and the amount of ethanol allow for
control over the location of silica deposition onto GNRs. The thickness of silica deposition can be
controlled by the amount of TEOS. The thickness increases with TEOS concentration until the
reaction time limits the silica growth on the GNRs. The LSPR of GNRs has a red shift after the
dumbbell-like silica coating, indicating the surrounding refractive index of GNRs has increased.
With increased thickness of the silica coating, LSPR has a stronger red-shift. However, the
increased thickness weakens the SERS enhancement. Compared to the cylinder morphology, the
dumbbell morphology of GNRs@SiO2 shows significant SERS enhancement.
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Chapter 3 Metal Overgrowth on Gold Nanorod-Based Hybrid Nanostructures Induced by
Site-Selective Silica Coating
3.1 Introduction
A large number of bimetallic systems have been studied and exploited in order to diversify
hybrid nanomaterials. The novel optical properties, including plasmonic properties, associated
with bimetallic nanostructures have inspired applications in the fields of sensing, imaging,
catalysis, spectroscopy, and solar harvesting. Thus, plasmonic bimetallic nanostructures have
received great deal of attention due to their physiochemical properties coupled to its versatile
plasmonic functionality.104 Since noble metals, such as Au and Ag, exhibit excellent surface
plasmon resonance in comparison to Pd and Pt, the most appealing property is its localized surface
plasmon resonance (LSPR). Briefly, LSPR refers to the collective oscillation of conduction
electrons, and its energies are tunable over wide range of spectral changes, from ultraviolet to nearinfrared region. Metal nanostructures with LSPR property can endure large light absorption and
scattering, thus hot electron carriers are generated as the LSPR undergoes excitation.105 These hot
electron carriers possess powerful driving force for chemical reactions and optical energy into
thermal or chemical energy.106 Among all plasmonic metal nanoparticles, gold nanorods (GNRs)
are a well-known and widely studied for its unique and highly tunable LSPR.
Based on abovementioned advantages, noble metals coupled to GNRs are expected to
feature enhanced physiochemical properties, improving various applications in plasmonics,107–109
catalysis,110–112 and etc. Thus far, a majority of GNRs-based bimetallic nanostructures demonstrate
second or more metals deposit around the GNRs, either forming a continuous shell or individual
islands.113 To fully exploit and optimize the existing properties of GNRs, an effective synthetic
method has to be developed in order to precisely and selectively deposit the second metal on
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specific positions of GNRs. The most common synthetic method for GNRs-supported bimetallic
nanostructures is through the seed-mediated method, where pre-grown GNRs are used as seeds to
induce the growth of other metals. The secondary growth of metals around GRNs relies heavily
on the molecular capping of the seeds, which plays an important role during the metal growth
processes.114,115 For example, surface capping agent of GNRs, cetyltrimethylammonium bromide
(CTAB), is known to preferentially adsorb to the side surface of GNRs. This adsorption induces
Pd to deposit rectangularly around the GNRs, forming cubic core-shell bimetallic nanostructure.116
However, the seed-mediated method depends on the adsorption of molecules based on surface
crystallinity of metals, which poses complications among the factors of thermodynamics and
kinetics.117 Additionally, studies have shown that surface molecules lack the ability to completely
block the deposition of the second metal, causing an incomplete, undesirable blockage.
To overcome the challenge and effectively control the deposition of the second metal,
instead of a “soft” templating method, the utilization of “hard” templates may force the metal
deposition at desired locations. The surface capping molecules are considered soft templates,
whereas, solid materials can be inferred as hard templates. Solid material, such as silica, is
commonly used for its stability, functionality, and robustness, which is crucial to prevent template
degradation during metal deposition. Thus, silica is regarded as the best candidate for hard
template. That being said, the hard template can be manipulated and selectively deposit at desired
locations on starting metal nanoparticle, restricting the second metal to overgrow from the exposed
surface of the starting metal nanoparticle. For example, Chen et al. partially encapsulate gold
nanoparticles with silica and induce Ag nanoparticle to overgrow from the exposed gold surface.118
Herein, we propose and demonstrate a general route to the overgrowth of noble metals on
GNRs after selectively encapsulate GNRs with silica either at the ends or sides. Silica is selectively
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coated on the ends of the GNRs by manipulating the concentration of CTAB (as studied in Chapter
2) or on the sides of the GNRs when the surface on the ends are manipulated to block the hydrolysis
and condensation of silica. Subsequently, the site-specific silica coated GNRs guide the
overgrowth of metals on the exposed surface of GNRs, producing four types of GNR-based
bimetallic hybrid nanomaterials. The metals of interest are Au, Ag, and Pt. In addition to the
proposed mechanism, the plasmonic properties of these site-selective silica coated GNRs-based
bimetallic nanostructures are investigated.
3.2 Experimental Section
3.2.1

Materials.
Hexadecyltrimethylammonium

bromide

(CTAB),

gold(III)

chloride

trihydrate

(HAuCl4∙3H2O), L-ascorbic acid (L-AA), O-[2-(3-Mercaptopropionulamino)ethyl-O’-methyl
polyethylene glycol (PEG-SH, MW: 5,000), hydroquinone (HQ), sodium borohydride (NaBH4),
polyvinylpyrrolidone (PVP, MW: 55,000), sodium citrate, hydrochloric acid (HCl), tetraethyl
orthosilicate (TEOS), ammonium hydroxide (NH4OH), and ethanol (EtOH) were all purchased
from Sigma-Aldrich. Silver nitrate (AgNO3) was purchased from Fisher Scientific. All chemicals
were used as received without further purification.
3.2.2

Synthesis of Selective Silica Coating of GNRs.
The starting GNRs were synthesized via a slight modification to the seed mediated growth

method (refer to Experimental Procedure 2.2.1). Both GNRs@end-SiO2 and GNRs@side-SiO2
were prepared in two steps. Before silica coating of GNRs@end-SiO2 and after initial gold
nanorods synthesis and purification, gold nanorod solution (15.0 mL) was centrifuged a second
time at 12,500 rpm for 8 min. The precipitate was redispersed into an aqueous CTAB solution
(10.0 mL, 9 mM). The first step of silica coating was performed in a typical synthetic procedure.
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Under gentle stirring, NH4OH (150 µL, 0.01 M) was added to adjust pH to 10.4. Followed by three
sequential additions of TEOS in EtOH (10 µL, 20 % (v/v)) with 30 min intervals in between
additions. The solution was then left under stirring conditions for 24 h at room temperature. In the
second step, the as-prepared GNRs@end-SiO2 solution (10.0 mL) was centrifuged and washed
with EtOH twice at 12,500 rpm for 8 min. The precipitate was redispersed into a water/ethanol
mixture solution (1:4). The silica overcoating process was again carried out under stirring by the
sequential additions of TEOS in EtOH (3 µL, 20% (v/v)) after adjusting pH to 10.4 with NH4OH
(0.01 M) with 30 min intervals in between additions. The solution was left stirring again for another
24 h. The as-prepared silica overcoated GNRs@end-SiO2 solution was centrifuged and washed
with EtOH at 12,500 rpm for 8 min and finally redispersed in nanopure water. After that, the
sample was ready for characterization as well as in the subsequent metal overgrowth experiments.
The preparation of GNRs@side-SiO2 was similar to the synthesis of GNRs@end-SiO2 but
required an additional step of ligand exchange before silica coating. First, as-synthesized GNRs
(15.0 mL) was purified at 12,500 rpm for 8 min. The precipitate was redispersed in an aqueous
PEG-SH solution (10.0 mL, 1 mg). After the mixture solution was left undisturbed for 12 h, the
solution was centrifuged at 12,5000 rpm for 8 min. The precipitate was redispersed in an aqueous
CTAB solution (10.0 mL, 1 mM). In the second and third step of silica coating and overcoating
were the same as employed in the preparation of GNRs@end-SiO2. The as-prepared silica
overcoated GNRs@side-SiO2 solution was centrifuged and washed with EtOH at 12,500 rpm for
8 min and finally redispersed in nanopure water. After that, the sample was ready for
characterization as well as in the subsequent metal overgrowth experiments.
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3.2.3

Synthesis of GNRs@end-SiO2/Au and GNRs@side-SiO2/Au.
For Au overgrowth, both GNRs@end-SiO2 and GNRs@side-SiO2 nanostructure solutions

(500 µL) were centrifuged and washed twice in EtOH. The purified nanostructures were
redispersed in nanopure water and added into an initial growth solution composed of
HAuCl4∙3H2O (75 µL, 100 mM) in nanopure water (9.6 mL). Then, quickly added sodium citrate
(22 µL, 1 wt%) and HQ (1 mL, 30 mM) and allowed to stir for 2 min before adding HQ (500 µL,
1 M). The as-prepared solution was centrifuged and washed twice in nanopure water at 12,500
rpm for 8 min. After that, the samples were ready for characterization.
3.2.4

Synthesis of GNRs@side-SiO2/Ag.
For Ag overgrowth, GNRs@side-SiO2 nanostructure solution (1 mL) was centrifuged and

washed twice in EtOH at 12,500 rpm for 8 min, then redispersed in aqueous PVP solution (1 mL,
70.4 mg). Under gentle stirring, aqueous AgNO3 (20 µL, 0.01 M) and HQ (80 µL, 0.01 M) were
added and stirred vigorously for 30 min. The solution is then left sit undisturbed for another 12 h.
The as-prepared solution was centrifuged and washed in nanopure water twice at 12,500 rpm for
8 min. Then, the samples were ready for characterization.
3.2.5

Synthesis of GNRs@side-SiO2/Pt.
For Pt overgrowth, GNRs@side-SiO2 nanostructure solution (1 mL) was centrifuged and

washed twice in EtOH at 12,500 rpm for 8 min, then redispersed in aqueous PVP solution (1 mL,
70.4 mg). Under gentle stirring, aqueous K2PtCl4 (20 µL, 0.01 M) and L-AA (40 µL, 0.1 M) were
added and stirred vigorously for 5 min. The solution is then left to sit undisturbed for another 12
h. The as-prepared solution was centrifuged and washed in nanopure water twice at 12,500 rpm
for 8 min. Then, the samples were ready for characterization.
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3.2.6

Material Characterization.
Scanning transmission electron microscopy (STEM) imaging was conducted using a

JOEL-7200F field emission SEM operated at 30 kV. All the material sizes were measured via
STEM images by ImageJ software. The STEM samples were prepared by drop casting samples
onto copper grids. UV-Vis absorption spectra were measured using a Jasco V 670 UV-Vis-NIR
spectrophotometer.
3.3 Results and Discussion
The fabrication of metal overgrowth on GNRs with site-selective coating of silica is shown
schematically in Figure 3.1. Prior to the formation of silica, the GNRs are synthesized via the
seed-mediated method, as discussed in Chapter 2. In general, the starting GNRs are purified via
centrifugation in water to remove excess surfactant or by-products in solution. More importantly,
silica deposition takes place twice, also known as silica overcoat, to ensure the complete robustness
of the shells prior to the deposition of metal precursors.
In route 1, careful manipulation of surface density of CTAB bilayer is achieved in order
for silica to coat selectively at the ends of GNRs (GNRs@end-SiO2). The as-purified GNRs are
redispersed in high concentration of aqueous CTAB (9 mM) solution prior to the addition of silica
precursor, TEOS. Subsequently, the addition and reduction of metal salts induce overgrowths,
which takes place on the exposed side surface of Au (GNRs@end-SiO2/metal). On the other hand,
route 2 utilizes surface modification where the ends of GNRs undergo ligand exchange in aqueous
condition from CTAB to PEG-SH. Since the thiol end of PEG-SH preferentially adsorb at the
nanorod tips, silica precursor is effectively blocked from the hydrolysis of silica on the ends.21 The
blockage results in selective coating only on the side surfaces of GNRs (GNRs@side-SiO2).
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Similar to route 1, once the silica coating is in place, the robustness of the silica shell induces the
metals to overgrow on the exposed end surfaces of Au (GNRs@end-SiO2/metal).

Figure 3.1 Schematic illustration of the synthetic route for the fabrication of metal overgrowth
induced by site-selective silica coated GNRs.
The morphology of as-synthesized GNRs used in both routes for site-selective coating of
silica is characterized via scanning transmission electron microscopy (STEM). As shown in Figure
3.2a, uniform and high yield of GNRs are witnessed with a length and aspect ratio of 69 ± 10 nm
and 4.6 ± 0.9, respectively. The general process of silica coating on GNRs is realized via the
hydrolysis and condensation of TEOS under water/ethanol cosolvent and basic conditions, as well
as the reaction time, similar to the detailed study in Chapter 2.119 As shown in the STEM images
in Figure 3.2b-c, the key component in the selective coating at the ends is the concentration of
CTAB bilayers with tunable volumes of 20% v/v TEOS. The end coating only occurs under high
concentration of CTAB due to the high bilayer packing density on the side surfaces of GNRs.
Besides the stabilizing effect of CTAB, it also acts as a soft template for the disposition of silica.
Due to the less ordered and less dense CTAB bilayers at the ends than that of the sides of the rods,
owing to the large curvature at the ends. Thus, the energy barriers for TEOS to penetrate and
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condense on the sides is significantly greater than at the ends, driving silica to condense only at
the ends.
In addition to the careful control of the surface packing density of CTAB, the volumes of
20% v/v TEOS added during silica coating process also affect the morphology of GNRs@endSiO2. The standard condition during silica deposition is 30 µL of 20% v/v TEOS over three
separate increments (10 µL per 30 min interval), demonstrated in Figure 3.2b. The thickness of
the silica shell is measured as (r2) with a diameter of 36 ± 3 nm, as shown in Figure 3.2d. As the
diameter of silica shell is larger than the diameter of GNRs (r1), the r1/r2 ratio (less than one)
confirms the construction of GNRs@end-SiO2. Although the silica clearly coats only at the ends
of the rods, traces of silica appear near the center of the rods. Additionally, the shells are not
uniform with some caps clearly detached from the ends of the rods as seen with the spherical silica
shell with hollow voids. The detachment could potentially result from purification as the
GNRs@end-SiO2 undergo centrifugation during the purification processes. Since the silica shells
are only being held by the CTAB bilayers at the ends with large curvature, the centrifugation speed
could easily break the adsorption of the CTAB head group, thus breaking the silica shells on the
ends. The nonuniform end coating could pose a risk during metal due to the lack of site-specific
blockage, which allows metals to freely overgrow from all exposed surface of Au.
To overcome the disassembly of silica shells on the ends, an optimization of silica coating
is required. The tunability of 20% v/v TEOS is employed by decreasing the volume added during
coating processes. The volume of TEOS is tuned with the addition of 24 µL (8 µL per 30 min
interval). As seen in Figure 3.2c, the end coating illustrates more robust silica shells as they remain
intact after the same purification processes as the 30 µL TEOS. The coating also shows uniformity
with the diameter thickness (r2) of 41 ± 4 nm (Figure 3.2d). As the concentration of TEOS (or
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volume) is low such as that of 24 µL, the availability of TEOS to GNRs is insufficient to overcome
the energy barrier on the sides of GNRs where CTAB bilayers are packed densely. Thus, TEOS
will only penetrate the lower energy barrier, locating at the ends of the GNRs.119 The low volume
of TEOS could be the optimal ratio to CTAB bilayers at the ends, holding the condensed silica
shells in place which results in uniform and unbroken shells.

Figure 3.2 STEM images showing the morphologies of a) As-synthesized GNRs, and
GNRs@end-SiO2 at decreasing volumes of b) 30 µL and c) 24 µL of 20% v/v TEOS. d) Diameter
at the center of (r1) and at the end (r2) of GNRs@end-SiO2 as a function of the different volumes
of added TEOS; inset corresponds to the schematic model of GNRs@side-SiO2 and its
measurement of interest. e) Absorption spectra of samples corresponding to decreasing volumes
of 20% v/v TEOS (30 µL and 24 µL). Scale bar: 100 nm.
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Furthermore, the plasmonic property of GNRs@end-SiO2 at different volumes of TEOS is
investigated, shown in Figure 3.2e. The longitudinal (LSP) plasmon mode of the starting GNRs
is located at 830 nm. As the volumes of TEOS decrease, the LSP gradually red-shifts, meaning to
higher wavelength. The LSP red-shifted approximately 13 nm between GNRs and 30 µL and about
10 nm between 30 µL and 24 µL TEOS. The continuous red-shift can be explained by an increase
in the average local refractive index of the surrounding medium of silica, as well as the increase
in silica diameter of 24 µL TEOS.120,121
On the other hand, the selective silica coating on the side surfaces of GNRs is achieved
through surface modification where the surface ligands are exchanged. The as-synthesized GNRs
are subjected to ligand exchange under aqueous conditions, where purified GNRs are dispersed in
aqueous PEG-SH solution. Thiolated molecules are commonly selected for surface
functionalization in exchange with CTAB-capped GNRs due to its characteristics of stability in
organic solutions. Due to the lower packing density of CTAB bilayer at the large curvature ends
of the rods, the thiol functional group preferentially adsorbs only to the Au end surfaces.122
Subsequently, different volumes of TEOS are introduced for the hydrolysis and condensation of
silica. As seen in Figure 3.3a, the same as-synthesized GNRs is utilized in the fabrication of
GNRs@side-SiO2 with approximately the same length and aspect ratio as discussed in Figure
3.2a. As abovementioned, CTAB bilayers act as soft template for the condensation of silica. Thus,
the selective silica coating on the sides of GNRs proves the existence of PEG-SH at the ends of
the rods, effectively blocking the deposition of silica. Additionally, the thickness of side coated
silica shells can be controlled by the addition of increasing volumes of 20% v/v TEOS (24, 27, 30,
54, 60 µL), as shown in Figure 3.3b-f. The plasmonic property is impacted by the silica shell
thickness, as illustrated in Figure 3.3g. The LSP red-shifted as the volumes of TEOS increase due
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to the change in local refractive index as well as an increase in silica shell thickness. The LSP of
GNRs is at 823 nm and red-shifted approximately 52 nm for GNRs@side-SiO2 with 60 µL of
TEOS. It is worth to note that LSP did not change for GNRs@side-SiO2 at 24 and 27 µL.

Figure 3.3 STEM images of silica coating on the side of the GNRs. STEM images showing the
morphologies of a) As-synthesized GNRs, and GNRs@side-SiO2 at increasing volumes of b) 24
µL c) 27 µL d) 30 µL e) 54 µL and f) 60 µL of 20% v/v TEOS. g) UV-vis-NIR spectra of samples
corresponding to increasing volumes of TEOS (24, 27, 30, 54, and 60 µL). Scale bar: 100 nm.
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The development of new and improved methods for the preparation of bimetallic
nanostructures are heavily desired as some bimetallic nanostructures are difficult or impossible to
fabricate through normal seed-mediated method. Thus, the selective silica coated GNRs, either at
the ends or sides, will enable metals to overgrow on exposed surface of Au. Both GNRs@endSiO2 and GNRs@side-SiO2 nanostructures are subjected to Au metal precursor of Au salt and coreducing agents of sodium citrate and hydroquinone (HQ). Even though both undergo the same
synthetic method, the morphologies of Au overgrowths are largely distinctive.
As shown in the STEM images of Figure 3.4a, Au metals are preferentially depositing on
the sides (or body) of GNRs (GNRs@side-SiO2/Au) as the silica shells are selectively coated at
the ends. It is also clear that large spherical shapes of gold nanoparticles (GNPs) are also present,
which could potentially due to the large excess of Au salt. The ratio between GNRs@end-SiO2
and Au salt concentration has yet to be optimized, thus with excess gold salt, it could potentially
nucleate and form into spherical GNPs under reduction. Another explanation to justify the
spherical GNPs could potentially due to the kinetics of the reaction rate. Since both sodium citrate
and HQ are both weak reducing agents, stepwise reduction process is observed. The weaker
reducing agent of sodium citrate reduces only from Au3+ to Au+, then HQ slowly reduces Au+ to
Au0 under standard condition.123 Thus, the stepwise reduction happens significantly slower,
enabling Au salt to nucleate and form its own GNPs in solution. Since the sizes of these GNPs are
almost just as large, if not larger, purification under centrifugation cannot remove them from
solution.
As clearly shown in the absorption spectra of Figure 3.4c, GNRs@side-SiO2/Au
nanostructures blue-shifted (to lower wavelength) with single plasmon peak. The appearing
absorption peak at approximately 630 nm could potentially indicate the large, spherical GNPs, as
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well as the overgrowth of gold on the body. Since Au overgrows on the body of the rods, the width
of the rods increases, shadowing the aspect ratio of rod-shaped GNRs. Thus, the majority of the
electrons are concentrated at the sides/body of the GNRs, detecting the one plasmon peak that
correlates to large, spherical GNPs plasmon absorption.
Furthermore, the effect of pH during the overgrowth process is adjusted to study the
morphology and its impact on the plasmonics. With the same synthetic method, pH of the growth
solution is adjusted to roughly 10 with sodium hydroxide. The morphology of GNRs@endSiO2/Au is characterized via STEM, as shown in Figure 3.4b. Overall, Au metals are selectively
overgrown on the sides and over the body of GNRs. However, due to its high basicity, undesired
by-products of small GNPs are formed. As previously proposed, HQ is considered a weak reducing
agent, thus cannot reduce gold ions under standard condition. But, as the pH begins to increase to
7, the reducing power of HQ is significantly enhanced where gold ions are reduced to form a
significant amount of gold precipitates from solution.124 These gold precipitates are small GNPs
with no defined shape or size, as shown in the inset of Figure 3.4b. Despite multiple attempts in
purification via centrifugation, the large quantity of metallic gold precipitates could not be fully
removed from solution. As shown in the absorption spectra in Figure 3.4c, one plasmon peak at
approximately 630 nm is observed with a slight shoulder peak at roughly 500 nm. Similar to the
standard condition, the plasmon peak at 630 nm could potentially be the transverse Au overgrowth,
causing the blockage of longitudinal plasmon mode. Due to the large quantity of gold precipitate
in solution, they absorb at approximately 500 nm similar to that of spherical GNPs. It is also worth
to note that the silica shells at the ends are not as defined and rigid after the deposition of Au. It
could potentially due to the environment of the growth solution where ethanol is not present, which
slowly etches away the silica layer.
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Figure 3.4 GNRs@end-SiO2/Au nanostructures. STEM images of a) Au overgrowth under
standard synthetic condition and b) under basic condition (pH ~10) with inset showing small GNPs
as by-products. c) UV-vis-NIR spectra of GNRs@end-SiO2 and Au overgrowth nanostructures
under standard (red line) and basic conditions (blue line). Scale bar: 100 nm.
In addition to Au overgrowth on the sides of GNRs, the same method is applied to
GNRs@side-SiO2. As shown in Figure 3.5a, GNRs@side-SiO2/Au nanostructures are fabricated
with better uniformity than GNRs@end-SiO2/Au, and the morphology of Au overgrowth is
significantly different. The morphology appears to create dumbbell-like nanostructure, but the
morphology of each GNRs@side-SiO2/Au are still not well controlled. As the gold ions are
deposited into solution, the gold ions prefer to deposit at exposed surface of Au due to the lower
in the energy. Thus, co-reduction reaction begins, a similar process as mentioned above. Since the
reduction rate is slower under standard condition, the nucleation sites allow for continuous
deposition of gold ions until the reaction is complete. Hence, the large Au overgrowth on the ends.
Moreover, the pH of the growth solution is tuned as well to approximately 10 with the addition of
sodium hydroxide, resulting in smaller Au overgrowth on the ends in comparison to the standard
condition, as illustrated in Figure 3.5b. The same effect is seen and discussed earlier for the
fabrication of GNRs-end-SiO2/Au. In short, the high pH allows HQ to reduce gold ions completely,
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resulting in the creation of gold precipitates. Since the reaction rate is much faster under basic
condition, the smaller Au overgrowths on the ends are justified.
The plasmonic properties of GNRs@side-SiO2/Au under standard and basic conditions are
investigated. As shown in Figure 3.5c, one absorption peak of GNRs@side-SiO2/Au under
standard condition is located at approximately 630 nm, similar to that of GNRs@end-SiO2/Au.
This is due to the dumbbell-like GNRs@side-SiO2/Au with large ends of Au, creating large electric
field enhancements at the ends. Hence, the single plasmon peak at 630 nm, shadowing the
longitudinal peak at higher wavelength. On the other hand, the GNRs@side-SiO2/Au under basic
condition show a broadened peak at 550 nm and a shoulder peak at 700 nm. The broadened peak
at 550 nm could potentially be both the transverse peak and the absorption of the gold precipitates,
thus red-shifted slightly from 520 to 550 nm. As for the shoulder peak at 700 nm, it could
potentially be the longitudinal peak of GNRs.

Figure 3.5 GNRs@side-SiO2/Au nanostructures. STEM images of a) Au overgrowth under
standard synthetic condition and b) under basic condition (pH ~10). c) UV-vis-NIR spectra of
GNRs@side-SiO2 and Au overgrowth nanostructures under standard (red line) and basic condition
(blue line). Scale bar: 100 nm.
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Besides for metallic Au, Ag is another popular noble metal used to create bimetallic hybrid
nanomaterials due to its similar plasmonic properties as well as its narrow and intense plasmon
bands. Additionally, the interband transition for Ag is limited in the UV range, thus minimizing
plasmon resonance damping.125 Therefore, Ag is an ideal candidate for the development of
bimetallic hybrid nanomaterials to further enhance the plasmonic properties. The synthetic method
for Ag overgrowth on GNRs@side-SiO2 is simpler than the Au overgrowth.
The synthesized and purified GNRs@side-SiO2 nanostructures dispersed in aqueous
halogen-free surfactants, poly(vinylpyrrolidone) (PVP). PVP is found to be an ideal candidate for
stabilization as well as its ability to reduce etching of silica, especially when silica coated GNRs
are in an ethanol-free environment.126 Subsequently, Ag metal precursor is effectively reduced by
HQ under standard condition, room temperature and neutral pH. After 12 hours of undisturbed
reaction, GNRs@side-SiO2/Ag bimetallic nanostructures are fabricated, as shown in Figure 3.6ab. As observed in STEM images, Ag nanoparticles are preferentially deposited only on one end of
the rods, rather than at both ends. This asymmetric Ag overgrowth phenomena may be explained
from the Ostwald ripening effect.89 Since colloidal nanoparticles are thermodynamically unstable
as size decreases due to the increase in higher energy surface area, the instability leads to Ostwald
ripening, which is the transfer of atoms from smaller to larger and more stable nanoparticles.127 To
put in context, as Ag ions are reduced into the small, less stable Ag nanoparticles, the difference
in free energy stability between GNRs@side-SiO2 and Ag nanoparticles drives the Ag
nanoparticles to deposit all on one end of GNRs due to the ripening effect.
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Figure 3.6 GNRs@side-SiO2/Ag nanostructures. STEM images of a) lower magnification and b)
higher magnification of Ag overgrowth. c) UV-vis-NIR spectra of GNRs@side-SiO2 and Ag
overgrowth nanostructures. Scale bar: 100 nm.
The plasmonic effects of GNRs@side-SiO2/Ag nanostructures are more sensitive than
GNRs@side-SiO2/Au. As illustrated in Figure 3.6c, both the LSP and TSP are visible before and
after Ag overgrowth with a longitudinal red-shift of 69 nm. The significant red-shift is potentially
due to the difference in dielectric constant and longitudinal Ag overgrowth, increasing aspect ratio.
The TSP blue-shifted slightly (approximately 7 nm) which is due to the longitudinal dipole
resonance of Ag. A new peak at 410 nm corresponds to the transverse dipole resonance of Ag as
Ag has its own plasmonic properties in the UV range, as abovementioned.
Metallic Pt nanoparticles have also attracted a great deal of attention due to the exceptional
catalytic property. Thus, when coupled to plasmonic GNRs, the bimetallic nanostructures can
greatly enhance the catalytic performance as well as the utilization of the plasmonic properties
from GNRs. In this study, we have also fabricated GNRs@side-SiO2/Pt nanostructures under
similar synthetic method as GNRs@side-SiO2/Ag. The synthesized and purified GNRs@side-SiO2
are stabilized in PVP, followed by the reduction of Pt ions with ascorbic acid (AA). As shown in
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Figure 3.7a, the standard condition is the addition of 20 µL of Pt(II) with fixed concentrations of
starting

material

and

reducing

agents,

successfully

fabricating

GNRs@side-SiO2/Pt

nanostructures. However, the Pt nanoclusters at the ends are not uniformed with low yield, which
can be tuned by increasing volumes of Pt(II). As the volume of Pt(II) increases to 40 µL, the ends
of GNRs@side-SiO2 appear to have a more uniform Pt overgrowth. The Pt overgrowth appears to
be individual islands, rather than a single, rigid nanoparticle. This could potentially be justified
due to the growth mode of Pt, also known as the Volmer-Weber (VW) growth mode. VW is highly
dependent on the metallic lattice constant and crystal structure. In another word, VW growth mode
arises from materials with large lattice mismatch as well as bond energies, such as Au/Pd or
Au/Pt.128 The bond energies between Pt is shown to be relatively high, which hinder the ability of
Pt to diffuse across the surface (e.g. body of GNRs) and prevent Pt from forming a smooth layer.129
Therefore, the reduced Pt ions are deposited in an island-fashion.

Figure 3.7 GRNs@side-SiO2/Pt nanostructures. STEM images of a) 20 µL and b) 40 µL Pt(II). c)
UV-vis-NIR spectra of GNRs@side-SiO2 and Pt overgrowth nanostructures corresponds to (a-b).
Scale bar: 100nm.
The advantages of GNRs@side-SiO2/Pt nanostructures are the utilization of both
properties of catalysis of Pt and plasmonics of Au. This bimetallic nanostructure is plasmonic60

active due to the GNRs. As illustrated in absorption spectra of Figure 3.7c, both TSP and LSP
exist before and after Pt overgrowth. The TSP at approximately 510 nm did not change for both
20 and 40 µL Pt(II). However, the LSP shows a continuous red-shift as the volumes of Pt(II)
increase, attributing to the increase in the aspect ratio after Pt overgrowth. The tunability of the
LSP of GNRs@side-SiO2/Pt nanostructures to the NIR range is an asset for a wide variety of
applications, but especially in biomedical applications.
3.4 Future Work
The project shows promising results, but there is a lot of room for improvement as I believe
this project holds numerous and promising applications due to the enhanced properties and
functionality observed. Although silica coating and its mechanism is investigated, both ends and
sides coating still require tuning and optimization. The goal is to increase the exposed Au surface
with more uniformity and controllability, allowing better access for the subsequent metal
deposition. In order to optimize side coating, PEG-dithiol (HS-PEG-SH) is thought to potentially
block more Au surface from silica condensation. However, the concentration ratio of PEG-dithiol
and CTAB has to be explored for the optimal coating. Additionally, the metal overgrowth is still
not well-controlled. Thus, more chemical parameters need to be tuned and investigate more in
depth during the growth. One major part of the thesis is the missing Ag and Pt metal overgrowth
on GNRs@end-SiO2, which will require further study. One potential idea to completely confirm
the Ostwald ripening effect for GNRs@side-SiO2/Ag is to perform a time trial, such as1 hour
interval reactions for over 12 hours. The characterization at each time trial could help understand
the ripening effect of Ag nanoparticles and GNRs@side-SiO2. Most importantly, these GNRsbased bimetallic hybrid nanostructures are missing the potential application performance, such as
SERS and catalysis. The enhanced electric fields at the tips of the bimetallic GNRs greatly impact
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the plasmonics performance in SERS, which is a prominent result to study. Pt-tipped GNRs@sideSiO2 will potentially show an enhanced catalysis activity due to the exposed active sites of Pt
islands, which will be of great interest to study its mechanisms and hopefully provide further
insight to the novel bimetallic hybrid nanostructures.
3.5 Conclusions
Selective silica coated GNRs, both ends and sides, have successfully been fabricated to
induce metal overgrowth on exposed surfaces of Au. The robustness of silica coating enables Au,
Ag, and Pt to overgrowth on site-specific locations of GNRs, which was a facile method in
fabricating bimetallic nanostructures that may not have been possible from seed-mediated method
or otherwise. The selective coating is achieved through careful surface manipulation before silica
deposition as well as the surrounding environment. The metal overgrowths are realized and studied
in detail, proving the complexity of these bimetallic nanostructures. The plasmonic properties of
before and after metal overgrowths have also been investigated via UV-Vis-NIR spectroscopy.
This approach provides a platform for designing GNR-based bimetallic nanostructures and
potential applications such as SERS and/or catalysis.
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Chapter 4 Silica Encapsulated Hollow Gold Nanodumbbells@Pt Nanocatalysts
4.1 Introduction
Platinum nanoparticles are shown to play a significant role in industrial applications due to
its supreme catalytic properties. For example, Pt are often used to catalyze the reduction of exhaust
gases from the release of automobiles, which aid in minimizing pollutant from the environment.
Since catalytic properties are highly dependent on morphology, dimensions, and structures,
emerging research has devoted to the fabrication of Pt-based nanostructures with controlled and
well-defined morphology. However, considering the high cost of Pt, the demand of high catalytic
performance but with low financial cost has become an urgent focus of the field. To overcome
such challenge, it has well been established that bimetallic nanocatalysts displayed enhanced
chemical and physical properties over their monometallic counterparts, as their activities in charge
transfer between metals and surface distribution are significantly improved.130 The combination of
another metal, such as Au, Ag, and Cu, with Pt greatly reduces the loading of Pt, making the
materials cheaper while simultaneously benefit from the enhanced catalytic activity.
One of the most successful technologies in developing highly catalytically active Pt
catalysts is the fabrication of metal-Pt bimetallic nanocatalysts with hollow core-shell or alloy
structures. One appealing advantage of hollow core-shell or alloy nanostructure is the possession
of higher utilization of Pt atoms, as the elemental composition can affect and alter the electronic
structure of Pt, optimizing the catalytic activities and durability.131,132 The synthetic approach to
fabricate these hollow nanostructures can be achieved via galvanic replacement reaction (GRR)
with metal nanoparticles as self-sacrificial templates.133,134 The appealing advantage of GRR is the
access to a wide variety of bimetallic hollow nanostructures that are not attainable from seedmediated method or thermal etching. In short, GRR follows electrochemical processes that
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involves the oxidation of metals, usually the sacrificial template, by metallic ions of interest with
a more positive reduction potential.135 The most common and popular sacrificial template for the
growth of Pt is Ag nanoparticles due to the lower electrode potential of Ag (+0.80 V) which can
be easily oxidized by Pt ions (+1.18 V).136 The Xia group has pioneered the synthesis of hollow
Pt-Ag nanocages via galvanic replacement reaction and demonstrated its enhanced catalytic
activity for oxygen reduction reaction.137 However, there is a disadvantage in the use of Ag as
sacrificial template which is the limited yield of high quality and reproducible Ag nanoparticles.
Thus, gold nanoparticles are used to fabricate well-defined nanostructures and controlled
morphology, offering a reliable core in the aid of developing Ag shell as sacrificial template.
Additionally, gold nanoparticles demonstrate superb plasmonic properties with highly tunable
surface plasmon resonances, ranging from UV to NIR. Hence, the combination of metals with gold
allow for enhanced optoelectronics which greatly influence the field of catalysis.
Herein, we fabricated highly monodispersed silica encapsulated hollow Pt plated gold
nanodumbbells (AuNDBs@Pt@SiO2) bimetallic nanocatalysts through a systematic synthetic
approach. The silica encapsulated gold nanodumbbells@Ag (AuNDBs@Ag@SiO2) core-shell
nanostructures with different Ag shell thickness are first developed via a spatially confined growth
method,138 which allowed Ag ions to enter through the pores of the silica shell while
simultaneously protect the nanoparticles from aggregation. Once the Ag shell is formed, the shell
is used as sacrificial template for the formation of Pt shell via the galvanic replacement reaction in
the presence of two different reductants, creating two different morphological nanocatalysts, coreshell versus alloy. Eventually, the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) is
used as a model reaction to investigate the catalytic activities as well as recyclability of the two
different silica coated hollow AuNDBs@Pt nanocatalysts.
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4.2 Experimental Procedure
4.2.1

Materials.
Hexadecyltrimethylammonium

bromide

(CTAB),

gold(III)

chloride

trihydrate

(HAuCl4∙3H2O), potassium platinum(II) chloride (K2PtCl4), potassium iodide (KI), L-ascorbic
acid (L-AA), hydroquinone (HQ), sodium borohydride (NaBH4), polyvinylpyrrolidone (PVP, MW:
55,000), sodium citrate, tetraethyl orthosilicate (TEOS), ammonium hydroxide (NH4OH), 4nitrophenol (4-NP), and ethanol (EtOH) were all purchased from Sigma-Aldrich. Silver nitrate
(AgNO3) was purchased from Fisher Scientific. All chemicals were used as received without
further purification.
4.2.2

Synthesis of Gold Nanodumbbells (AuNDBs).
The synthesis method via the iodide-mediated growth of AuNDBs is obtained following

the protocol with slight modification from the Liz-Marzán group.139 The starting GNRs were
synthesized via a slight modification to the seed mediated growth method (refer to Experimental
Procedure 2.2.1). The as-synthesized GNRs (10.0 mL) were centrifuged and washed twice in
nanopure water at 11,000 rpm for 8 min and redispersed in an aqueous CTAB solution (2 mL, 10
mM), thus the concentrated GNRs act as the “seed” solution. In the growth solution, aqueous
CTAB (10.0 mL, 10 mM) was mixed with HAuCl4∙3H2O (50 µL, 0.05 M) and sat for 5 min in
room temperature. Followed by the addition of KI (5.7 µL, 0.01 M) and L-AA (40 µL, 0.1 M).
Finally, the GNRs “seed” solution (600 µL) was added under stirring and allowed to stir for 1 h.
Then, the as-prepared AuNDBs were centrifuged and washed twice in nanopure water at 8,000
rpm for 8 min. After that, the sample was ready for silica shell coating and further characterization.
4.2.3

Synthesis of Silica Coated AuNDBs (AuNDBs@SiO2).
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The as-synthesized AuNDBs were centrifuged at 8,000 rpm for 8 min, and the precipitate
were redispersed in an aqueous CTAB solution (10 mL, 9 mM). Under gentle stirring, aqueous
NH4OH (150 µL, 0.01 M) was added to adjust pH to 10.4. Followed by three sequential additions
of TEOS in EtOH (10 µL, 20 % (v/v)) with 30 min intervals in between additions. The solution
was then left under stirring conditions for 24 h at room temperature. The as-prepared
AuNDBs@SiO2 were centrifuged and washed twice in EtOH at 8,000 rpm for 8 min. After that,
the sample was ready for the deposition of Ag shell and further characterization.
4.2.4

Preparation of Silica Coated AuNDBs-Ag Core-Shell (AuNDBs@Ag@SiO2).
The as-purified AuNDBs@SiO2 (1 mL) was dispersed in an aqueous PVP solution (1 mL,

70.4 mg). Under stirring, various volumes of 0.01M AgNO3 (10 µL, 20 µL, 30 µL, 40 µL, 50 µL,
60 µL, 100 µL, 120 µL, and 200 µL) were added, followed by the addition of HQ (140 µL, 0.01
M) and allowed to stir for 1 h and sat undisturbed for 12 h. The solution was then centrifuged and
washed twice in EtOH at 8,000 rpm for 8 min before the deposition of Pt shell and characterization.
4.2.5

Preparation of Silica Coated AuNDBs@Pt@SiO2 Nanocatalysts.
After the initial purification of AuNDBs@Ag@SiO2 at various volumes of AgNO3, the

precipitate was dispersed in an aqueous PVP solution (1 mL, 70.4 mg). Under stirring, K2PtCl4 (20
µL, 0.01 M) and two different reducing agents, L-AA (40 µL, 0.1 M) and HQ (40 µL, 0.01 M),
were added to yield different morphological nanocatalysts. The solution was stirred for 5 min and
sat undisturbed for 12 h. The solution was then centrifuged and washed twice in nanopure water
at 8,000 rpm for 8 min before the catalytic reduction of 4-nitrophenol and any characterization.
4.2.6

Catalytic Reduction of 4-Nitrophenol.
The catalytic properties of silica coated hollow AuNDBs@Pt nanocatalysts were studied

by in situ UV-Vis monitoring the change in absorption of 4-NP in the presence of NaBH4 at 400
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nm. In a typical catalysis experiment, nanopure water (2.8 mL) was added into a quartz cuvette,
followed by the addition of an aqueous solution of 4-NP (100 µL, 0.003 M) and the as-purified
AuNDBs@Pt@SiO2 nanocatalysts (100 µL). Upon beginning in situ monitoring, freshly prepared
ice cold NaBH4 (100 µL, 0.3 M) was added. The catalytic reduction was monitored by observing
the change in absorption at a wavelength peak of 400 nm with a 1 min interval over a span of 30
min with the use of the UV-Visible spectrophotometer.
4.2.7

Material Characterization.
Scanning transmission electron microscopy (STEM) imaging was conducted using a

JOEL-7200F field emission SEM operated at 30 kV. Higher resolution TEM (HRTEM) images
were obtained using a FEI Tecnai F20 instrument (Thermo Fisher Scientific) operated at 200 kV.
All the material sizes were measured via STEM images by ImageJ software. The STEM samples
were prepared by drop casting samples onto copper grids. UV-Vis absorption spectra were
measured using a Jasco V 670 UV-Vis-NIR spectrophotometer.
4.3 Results and Discussion
The proposed systematic synthetic approach in the fabrication of AuNDBs@Pt@SiO2
nanocatalysts, core-shell or alloy, is schematically illustrated in Figure 4.1. As reported in the
experimental section, the synthesis of gold nanorods (GNRs), AuNDBs, and silica coated AuNDBs
(AuNDBs@SiO2) are carried out using the same concentration of precursor, stabilizer, reductant,
and reagents. Subsequently, the synthesis and characterization of silica coated AuNDBs@Ag are
discussed in detail as the self-sacrificial template for the formation of hollow Au-Pt bimetallic
nanocatalysts. Additionally, the thickness of Ag shell is dependent on the volume of Ag precursor
which impacts the plasmonic properties as well as the morphology of silica coated AuNDBs@Pt
nanocatalysts.
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Figure 4.1 Schematic illustration of the synthetic route for the fabrication of silica encapsulated
hollow AuNDBs@Pt@SiO2 nanocatalysts.
In the first step, the as-synthesized GNRs (refer to Chapter 2 experimental procedure) are
used as “seeds” for the fabrication of AuNDBs via the iodide-mediated growth. As shown in
Figure 4.2a, uniformed and well-defined GNRs are observed via STEM with average length and
aspect ratio of 75 ± 7 nm and 3.8 ± 0.6, respectively. The formation of AuNDBs is achieved
through the reduction of gold ions with ascorbic acid as reducing agent in the presence of CTAB,
preformed rods as seeds, and small amount of potassium iodide (KI). Based on the reported
method, small amount of KI significantly increases the aspect ratio of AuNDBs, as observed
similarly to our work.139 The STEM image illustrates average length and aspect ratio of AuNDBs
are 85 ± 10 nm and 5 ± 2, respectively (Figure 4.2b). The mechanism of the iodide-induced
reshaping is proposed by Grzelczak et al. in which iodide ions have preferential adsorption on the
{111} facets, the ends of the GNRs, compared to the {100} facets, the sides of GNRs. Elemental
analyses for similar initial GNRs are carried out by Murphy and Liz-Marzán, which show the
presence of bromide and silver ions due to CTAB and AgNO3, respectively.38,139 According to
their analysis via x-ray photoelectron spectroscopy (XPS), results demonstrated a higher
percentage of silver atoms reside at or close to the surface of the rods without any loss after the
addition of KI. Since Ag is proven to present mostly on the surface of GNRs, the surface redox
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potential is affected by the adsorption of iodide and bromide ions. The presence of iodide ions
lowers the redox potential of Ag, causing the replacement of bromide ions with iodide ions.140
Thus, low amounts of KI in solution induce the exchange of bromide ions from CTAB at
the {111} facet due to the preferential adsorption of iodide ions, inhibiting growth at sides of the
rods where bromide ions remain adsorbed. Besides the preferential adsorption of KI, gold ions
from the addition of gold salt are catalytically reduced by ascorbic acid at the surface where the
redox potential is lower, locating at the tips of GNRs where bromide ions are replaced by iodide
ions. Hence, small amount of KI ensures the growth at the rounding part of the tips and inhibits
any growth on the sides of the rods, resulting in dumbbell-liked formation of rods. In addition to
the STEM image showing the dumbbell shaped rods, UV-vis-NIR spectra further justify the
change in morphology from rod to dumbbell shape. As shown in Figure 4.2e, the longitudinal
plasmon band of AuNDBs (red line) red-shifted approximately 42 nm from the starting GNRs
(black line), and there is an increase in absorbance of the transverse plasmon band of AuNDBs.
The red-shift of the longitudinal band results in the increase in aspect ratio, according to the wellknown correlation between aspect ratio and plasmon band position. The increase in absorbance of
the transverse band may potentially indicates the increase in the size of the tips, where the tips are
rounding.
Following the formation of AuNDBs, silica coated AuNDBs are developed prior to the
formation of Ag shell, ensuring stabilization of the nanoparticles. The synthetic approach in
encapsulating AuNDBs in silica is similar to Chapter 2. The as-synthesized AuNDBs are purified
twice to remove excess CTAB surfactant in solution and are re-dispersed in 9 mM CTAB prior to
the process of silica coating, ensuring constant concentration of CTAB molecules around
AuNDBs. In all cases, we used 30 µL of 20 % TEOS in ethanol as standard coating protocol. The
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synthesized AuNDBs@SiO2 has an average silica shell thickness of 19 ± 2 nm, which are
measured on either side of AuNDBs (Figure 4.2c). Before the deposition of silica precursor,
AuNDBs are stabilized in CTAB which are surrounded by a double layer of CTAB. These double
layer of CTAB acts as a template for the silica precursor, TEOS. Since the tails of CTAB are
hydrophobic, TEOS preferentially interacts with the hydrophobic ends of CTAB which locates at
the center of the double layer, condensing to form silica in presence of ethanol.119 The same
explanation can be applied to the observation of the formed silica shell, showing a slight curve at
the lateral side of AuNDBs due to the dumbbell-shaped rods. After coating AuNDBs with silica,
the longitudinal plasmon band continues to red-shift for approximately 36 nm but no change in
transverse plasmon band (Figure 4.2e). The longitudinal plasmon is tunable to both the change in
aspect ratios and the refractive index of the surrounding media. Thus, the red-shift observed could
be due to the increase in local refractive index, from water to silica (justified in Chapter 2).

Figure 4.2 STEM images of a) as-synthesized GNRs, b) AuNDBs, c) AuNDBs@SiO2, d)
AuNDBs@Ag@SiO2 core-shell nanostructure. e) UV-vis-NIR spectra of the samples shown in (ad); arrow (red) indicates the transverse dipole resonance of Ag shell. Scale bar: 100 nm.
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After silica encapsulation of AuNDBs, they are subjected to silver overcoating via spatially
confined growth method.141 The spatially confined growth method allows the fabrication of
complex noble metal nanostructures while maintaining stability. In our study, synthesized
AuNDBs are pre-encapsulated in silica, followed by the deposition of silver precursor to overcoat
AuNDBs as a shell. The effects of optical response from the change in Ag shell thickness and
morphology are investigated.
As shown in Figure 4.2d, the STEM image illustrates the homogenous Ag shell at standard
condition, where 20 µL of Ag precursor (AgNO3) is added (noted as standard condition). The
resulting silica coated bimetallic AuNDBs@Ag core-shell nanostructures reveal the cylindrical
rod shape. Additionally, dark-field (DF)- and high-angle annular dark field (HAADF)-STEM
images in Figure 4.3 prove the fabrication of AuNDBs@Ag@SiO2, showing both the morphology
and elemental map of the nanostructure, where Au (pink, middle) presents dumbbell shape and Ag
(blue, right) exhibits cylindrical rod shape. Besides the morphology and elemental composition
characterization, another indication illustrating the rise of Ag shell is the optical response from the
UV-Vis extinction spectrum (Figure 4.2e, green line). There are three indications in the UV-Vis
spectrum that verifies the successful formation of Ag shell: longitudinal and transverse plasmon
bands (LSP and TSP, respectively) significantly blue-shifted and a developed new band at lower
wavelength. The LSP and TSP blue-shifted approximately 142 nm and 37 nm, respectively, from
AuNDBs@SiO2 (blue line). The shifts result from the difference in dielectric function of Ag
compared to Au and the repulsion of the electromagnetic field from the core.142 Additionally, the
blue-shift arises from the decrease in aspect ratio due to the homogeneous formation of Ag
cylindrical rod shape. Another reason that the TSP blue-shifted significantly is due to the
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longitudinal dipole resonance of Ag shell. The new developed peak, indicated by red arrow in
spectrum, at approximately 340 nm is assigned to the transverse dipole resonance of Ag shell.143

Figure 4.3 AuNDBs@Ag@SiO2 core-shell nanostructure: A) DF-STEM image and B) HAADFSTEM image (left), elemental Au map (middle), and elemental Ag map (right). Scale bar: 100 nm.
To obtain more insight on the tunability between Ag shell morphology and spectral
features, a series of silver concentration is varied in growth solutions with constant concentration
of AuNDBs@SiO2 and reducing agent. As indicated in the experimental procedure, different Ag
shell thickness is achieved by varying volumes of AgNO3, leaving stabilizing and reducing agents’
concentrations constant. The concentration of the starting material or “seed”, AuNDBs@SiO2,
remains constant as well. Before the addition of AgNO3, it is pertinent to wash the starting material
twice in ethanol in order to remove any excess CTAB within the pores of silica. The ethanol wash
ensures the opening of pores, allowing the spatial confined growth method to enact. In this series,
various volumes of AgNO3 is added into growth solutions, containing purified AuNDBs@SiO2,
stabilizing agent (PVP), and reducing agent (HQ). As shown in Figure 4.4a-i, the STEM images
show the increase in Ag shell thickness as the volumes of AgNO3 (10, 20, 30, 40, 50, 60, 100, 120,
and 200 µL) increase.
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Figure 4.4 STEM images of AuNDBs@Ag@SiO2 with increasing volumes of 0.01 M AgNO3: a)
10 µL, b) 20 µL, c) 30 µL, d) 40 µL, e) 50 µL, f) 60 µL, g) 100 µL, h) 120 µL, and i) 200 µL.
Scale bar: 100nm.
Furthermore, the change in morphology as the volumes of AgNO3 increase causes an
optical response, which indicates the tunable UV-vis-NIR spectral features. In Figure 4.5a, the
resulting LSP band progressively blue-shifts as the volumes of AgNO3 increase with regard to the
spectrum of AuNDBs@SiO2 (black line). Figure 4.5b shows the LSP blue-shift, or decreasing
LSP wavelength, as a function of AgNO3 volumes. The decrease in LSP wavelength suggests the
decrease in aspect ratio of original cylindrical rod shape to eventually spherical shape. For
AuNDBs@Ag@SiO2 at 120 and 200 µL, the spectra reveal almost only one main peak roughly at
540 and 400 nm, respectively, which is known to be the spherical plasmon band. As shown in the
STEM images in Figure 4.4g-h, the morphology of the Ag shells agrees with the spectral feature,
exhibiting spherical shape nanostructures. Besides the significant LSP blue-shifts, the TSP also
blue-shifted due to the longitudinal dipole resonance of Ag shell as shell thickness increases.
Additional to the longitudinal dipole resonance of Ag, the lower wavelength at 340 nm also appears
more evident in the increase in absorbance due to the continuous growth of Ag shell thickness.
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The change in color of nanostructure solutions (Figure 4.5c), LSP wavelengths, and the
longitudinal and transverse dipole resonance of Ag all imply the growth of thicker Ag shells as the
volumes of AgNO3 increase.

Figure 4.5 a) UV-vis-NIR spectra of AuNDBs@Ag@SiO2 core-shell nanostructures with
increasing volumes of AgNO3 (10, 20, 30, 40, 50, 60, 100, 120, and 200 µL). b) Change in LSP
wavelength as a function of increasing volumes of AgNO3, corresponding to the UV-vis-NIR
spectra in (a). c) Photograph of aqueous dispersion of AuNDBs@Ag@SiO2 after reaction with
different volumes of AgNO3 (left to right: 10, 20, 30, 40, 50, and 60 µL only).
The Ag shell morphology and thickness are apparent from STEM images and spectral
features. The average Ag shell thicknesses are quantitatively analyzed with the use of DF-STEM
images, resulting in the increase of Ag shell thickness as the volumes of AgNO3 increase (Figure
4.6a). The Ag shell is measured on the either lateral side of AuNDBs, as shown in the schematic
model with black lines indicating the measurements of interest. As the volumes of AgNO3
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increase, the standard deviations begin to increase potentially due to the irregular faceted growth
of Ag. Cardinal et al. proposed the anisotropic growth of Ag as the volumes of AgNO3 increase
with the initial growth that covers the central, or concave part of AuNDBs, until cylindrical rod
shape is reached. Then, the growth becomes more irregular and faceted growth, meaning the
growth of nonconform morphology, such as plane- and spherical-shaped Ag particles.144
According to their elemental analyses of x-ray energy dispersive spectra (XEDS)- and HAADFSTEM mass-thickness contrast, they observed similar signal intensities for Au and Ag. They
indicated that Ag preferentially deposits at the middle of AuNDBs, while a lower amount of Ag is
present at the tips. Thus, they concluded that Ag adsorbed on the central part of the AuNDBs, acts
as a catalyst for further Ag reduction as excess Ag ions are introduced.
Furthermore, the curved areas of the dumbbell shape cause surface defects, enabling Ag to
react and respond more readily to reduction. Last but not least, the surface reduction could
potentially prompt Ag deposition at these curved areas, filling the cavity to form cylindrical rod
shape. However, as excess AgNO3 are introduced and after filling the curved areas, irregular
particles appearing more boat- and triangular-liked shapes are developed due to the preferential
growth of some facets over others. These irregular faceted Ag growths are observed as the volume
of Ag+ increases due to the minimization of their surface energy, especially metals with face
centered cubic crystalline structures.145
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Figure 4.6 a) Ag shell average thickness at lateral side of AuNDBs and b) SiO2 shell average
thickness at lateral side of AuNDBs@Ag as a function of increasing volume of AgNO3; insets
correspond to the schematic model of AuNDBs@Ag@SiO2 nanostructures with black lines
showing measurements of interest.
As mentioned earlier, the role of silica encapsulation is to ensure spatially confined growth
of Ag shell, while simultaneously guaranteeing the stabilization of nanostructures. As shown in
Figure 4.6b, the average silica shell thicknesses are measured on either lateral side of the Ag shell
with the use of STEM images. The SiO2 shell thickness decreases as the volume of AgNO3
increases due to the significant increase in Ag shell thickness, protruding the SiO2 layer and
breaking the symmetry. As shown in Figure 4.4d-i, the Ag shell is significantly thicker than the
SiO2 shell, causing the breakage of shell layer. Similar to the measurements of Ag shell, as the
volumes of AgNO3 increase to 200 µL, the standard deviations increase due to the irregular Ag
shell morphology and thickness. Furthermore, the silica shell prevents aggregation between
AuNDBs@Ag nanostructures. In Figure 4.7, STEM and DF-STEM images show the growth of
Ag shell; however, some AuNDBs@Ag nanostructures are aggregated as one entity.
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Figure 4.7 STEM images of AuNDBs@Ag without the encapsulation of silica; inset shows DFSTEM image. Scale bar: 100 nm.
After successfully synthesizing AuNDBs@Ag@SiO2 via spatially confined growth
method, the nanostructures are used as sacrificial template for the last step of the synthesis,
fabricating silica encapsulated hollow AuNDBs@Pt core-shell or alloyed nanocatalysts. In
general, AuNDBs@Ag@SiO2 nanostructures with different Ag shell thickness are purified twice
in ethanol to remove any by-products, such as excess Ag ions or AgI particles, followed by the
redispersion of aqueous PVP, which is a well-known halogen-free stabilizing agent (Figure 4.1).
Then, constant concentration of Pt ions (K2PtCl4) are introduced into an aqueous suspension of
AuNDBs@Ag@SiO2 with two different reducing agents, hydroquinone (HQ) or ascorbic acid
(AA). Pt ions are reduced to Pt atoms through two parallel reactions, involving the reducing agents
and Ag shell, where Ag shell induces galvanic replacement reaction as sacrificial template. The
galvanic replacement reaction utilizes the difference in electrode potential between Ag and Pt,
causing the template to dissolve. Thus, more metal ions are reduced to atoms and deposit onto the
surface of the templates. The reducing agents and Ag shell thickness lead to different
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nanostructures, either core-shell or alloy structures. Thus, the observed optical and catalytic
responses are dependent on the fabricated nanostructures, core-shell versus alloy.
Since there are two routes in the fabrication of either core-shell or alloyed nanocatalysts,
HQ reduced nanostructure is first characterized and discussed. When HQ is used to reduce Pt ions
coupled to galvanic replacement reaction, hollow AuNDBs@Pt core-shell nanostructures are
observed. The galvanic replacement reaction between Ag and K2PtCl4 is as follows: 2 Ag +
K2PtCl4 ® Pt + 2 AgCl + 2 KCl.146 As shown in Figure 4.8a, transmission electron microscopy
(TEM) image illustrates Pt shell (or skin) around the AuNDBs with an apparent hollow cavity in
between the core and shell. The hollow morphology is justified due to the loss of electrons from
the Ag shell template during the occurrence of co-reduction, GRR and HQ, and coat the exterior
of the initial template. The formation of rough surfaces on Pt shell are comprised of small Pt
nanoparticle islands, which results from the Volmer-Weber (VW) growth mode.147 The VW
growth mode is observed when two interfacing metals have large lattice mismatch, causing islandlike growths such as Pt.
Moreover, HAADF-STEM elemental mapping, shown in Figure 4.8b, further proves the
existence of Au core (blue) and Pt shell (green). The Au core exhibits dumbbell-liked rods with Pt
shell surrounds AuNDBs. However, there is no indication of element Ag, which could potentially
due to the complete replacement and reduction of Pt and Ag ions due to the stronger reduction
potential of HQ, implying the increase in reduction rate. Hence, the reduction and galvanic
replacement reactions are carried out simultaneously, generating the core-shell structure. Last but
not least, UV-vis-NIR absorbance spectrum also indicates the presence of core-shell nanostructure
(Figure 4.8c). Since both the longitudinal (814 nm) and transverse (535 nm) plasmon bands are
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still apparent, the aspect ratio from AuNDBs is validated. At the lower wavelength, approximately
330 nm, a shoulder absorbance peak appears, which could potentially be the Pt islands on the shell.

Figure 4.8 AuNDBs@Pt@SiO2 nanocatalysts fabricated with HQ reduction at default
AuNDBs@Ag@SiO2 (20 µL AgNO3): a) TEM image b) HAADF-STEM elemental mapping,
illustrating element map Au (blue) and Pt (green). c) UV-vis-NIR spectrum corresponding to
sample in (a). Scale bar: 20 nm.
Furthermore, different Ag shell thickness are investigated in the fabrication of
AuNDBs@Pt core-shell nanostructures via the galvanic replacement in the presence of HQ as coreducing agent. As observed in Figure 4.9A-B, three different Ag shell thickness (20, 40, 200 µL
AgNO3) AuNDBs@Ag@SiO2 are used as starting material for the growth of Pt shell. As the Ag
shell thickness increases, the thicker the Pt shell with apparent increase in the cavity hollowness
between the core and shell. This revelation indicates that the growth of AuNDBs@Pt is relative to
their starting material of different Ag shell thickness, which can be further supported by the colors
of aqueous AuNDBs@Pt@SiO2 at different Ag shell thickness (Figure 4.9C). The color of the
aqueous AuNDBs@Pt@SiO2 at default condition (20 µL AgNO3) remains slightly maroon,
indicating the thin Pt shell where the core of AuNDBs is still optically responsive. The dependent
relationship between Ag shell thickness and Pt shell could be justified due to the increase in
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nucleation sites for Pt deposition on the surface of the shell. Additionally, while galvanic
replacement reaction takes place in the dissolution of Ag, HQ reduces Pt ions to Pt atoms and
further deposit at the surface, causing the increase in shell thickness and the formation of Pt
individual islands.148 As Pt ions oxidize Ag shell from the interior via the GRR, the Pt nuclei begin
to increase, causing the roughness (or “bumpy”) of the shell which are composed of these singlecrystalline Pt atoms.

Figure 4.9 A) STEM images and B) DF-STEM images of AuNDBs@Pt@SiO2 nanocatalysts with
HQ as reductant at different Ag shell thickness: a) 20 µL, b) 40 µL, c) 200 µL of AgNO3 prior to
Pt ion deposition. C) Photograph of aqueous dispersion of AuNDBs@Pt@SiO2 nanocatalysts with
different volumes of AgNO3 (left to right: 10, 20, 30, 40, 50, and 60 µL only). Scale bar: 100 nm.
In addition to the HQ reduced route to the fabrication of hollow core-shell nanostructures,
AA reduced AuNDBs@Pt@SiO2 nanocatalysts display an alloy nanostructure. In general, alloys
are known as crystals comprised of two or more metals that are randomly blended. In our case and
similar to the preparation step as mentioned earlier, the difference is the change in the reducing
agent from HQ to AA, creating the dendrite-liked shell plated over the core of AuNDBs, as shown
in Figure 4.10a. The optical property of dendritic, hollow AuNDB@Pt alloy is investigated, as
shown in Figure 4.10b, where LSP and TSP bands have disappeared with an appearance of slight
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shoulder peak at approximately 560 nm. The only apparent peak could potentially due to the
alloying, or mixing, effect of Pt and Ag that completely plated over the gold core which causes the
diminished optical response of AuDNBs.149 To further prove the alloying effect, HAADF-STEM
elemental mapping demonstrates the Au core (left, pink) with the complete blend of both Ag
(middle, green) and Pt (right, blue), as shown in Figure 4.10c.

Figure 4.10 AuNDBs@Pt@SiO2 nanocatalysts fabricated with AA reduction at default
AuNDBs@Ag@SiO2 (20 µL AgNO3): a) TEM image b) UV-vis-NIR spectrum corresponding to
sample (a). c) HAADF-STEM elemental mapping, illustrating element map Au (left, pink), Ag
(middle, green), and Pt (right, blue). Scale bar: 20 nm.
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The alloying effect is highly dependent on the reductant that coupled with galvanic
replacement reaction. In comparison to HQ, AA is a weaker reducing agent. Thus, the reducing
rate slows, allowing AA to reduce at the same time as GRR. As Pt ions are introduced to the
starting material with Ag shell as sacrificial template, some Pt ions are reduced by AA into Pt
atoms and deposit on the surface of the Ag shell in epitaxial fashion to form a partial Pt shell. In
the meantime, another portion of the added Pt ions begins to oxidize Ag atoms from the center of
the nanoparticle (or shell) through GRR. Thus, the Ag ions that are oxidized via GRR are
simultaneously reduced by AA and continue to deposit onto the surface of the formed Pt shell,
constructing the dendritic Ag-Pt alloy shell (as mentioned earlier in Figure 4.10c). Therefore, the
hollow cavity is created after the complete dissolution of the inner Ag nanoparticles by the GRR.
The advantage of this specific co-reduction method, utilizing AA and GRR, lies on the
controllability over the composition of atomic ratios and elemental distribution.129
Furthermore, the dendritic growth of Ag-Pt alloyed shell is proven to be diffusion rate
dependent. Han and co-workers illustrated that the dendritic growth can be triggered when the
diffusion rate is manipulated.150 However, the nucleated Pt dendrites appear to be random and
uncontrollable. One justification claimed by Xia and co-workers was that homogenous nucleation
of Pt branches, or dendrites, is likely to occur during early stages of reaction and to form through
the attachment of initially formed Pt nanoparticles.151,152 The dendritic morphology of Pt shell is
also observed in different Ag shell thickness prior to the deposition of Pt ions, as shown in Figure
4.11a-c. The different Ag shell thickness starting materials (20, 40, 200 µL AgNO3, respectively)
are applied to study the morphology and composition of the alloy structure. As the Ag shell
thickness increases, the Pt shell thickness and hollowness increase as well. Although the dendritic,
or “fuzzy”, morphology remains, the dendrite morphology is less evident as the Pt shell increases.
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Similar effects are observed in the alloy nanostructure when compared to the core-shell
nanostructure, where the relationship between Ag shell thickness is correlative to the thickness of
Pt shell. The thicker the Ag shell thickness, the more available nucleation sites available for the
deposition of Pt nanoparticles. However, the default starting material (i.e. AuNDBs@Ag@SiO2 at
20 µL AgNO3) shows significant dendritic volumes potentially due to the limited nucleation sites
to accommodate the generated Pt atoms from the reduction. Thus, any excess Pt atoms that could
not nucleate from the nucleation sites began to self-nucleate to form Pt nanoparticles, creating the
dendritic or “fuzzy” Pt shell.153,154 Last but not least, AA reduced AuNDBs@Pt nanostructure is
proven to be alloyed from the colors of the aqueous solution of the nanostructure, as illustrated in
Figure 4.11c. The color consists of light to dark black color, implying a complete Ag-Pt alloyed
shell plated over AuNDBs. Compared to core-shell nanostructure, distinct color change from
maroon to black can clearly be witnessed (Figure 4.9C).

Figure 4.11 DF-STEM images of AA reduced AuNDBs@Pt@SiO2 nanocatalysts with different
Ag shell thickness: a) 20 µL, b) 40 µL, and c) 200 µL AgNO3. d) Photograph of aqueous dispersion
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of AuNDBs@Pt@SiO2 nanocatalysts with different volumes of AgNO3 (left to right: 10, 20, 30,
40, 50, and 60 µL only). Scale bar: 100 nm.
The interesting discovery of the two different hollow AuNDBs@Pt nanocatalysts, coreshell and alloy, is the main motivation to explore the catalytic activities of the two different types
of nanostructures. There have been controversial studies on whether core-shell or alloyed Pt-based
bimetallic nanostructures exhibit better catalytic activity.155–157 Therefore, a model reaction is
applied to investigate the catalytic properties of each nanocatalyst in the reduction of 4-nitrophenol
(4-NP) in the presence of sodium borohydride (NaBH4), as demonstrated in Figure 4.12A. The
model reaction is a well-known and easily monitored reaction to study the catalytic activities of
the fabricated nanocatalysts.158 In order to evaluate the catalytic properties of the nanocatalysts,
all reaction parameters, such as concentrations of nanocatalysts, NaBH4, and 4-NP, have to be
controlled to obtain the different catalytic rates. The catalytic reaction is monitored via UV-Vis
apparatus over a set period of time. With the collected data, the reaction kinetics with respect to 4NP presents first-order kinetics, exhibiting mostly linear correlation of the reduction of 4-NP.
Prior to any addition of nanocatalysts, initial absorption peak of 4-NP appears to be at
approximately 400 nm due to the formation of 4-nitrophenolate anion after the addition of NaBH4.
It is important to note that the initial concentrations of 4-NP and NaBH4 are 0.003 and 0.3 M,
respectively, highlighting that NaBH4 is present in excess. During the reduction of 4-NP in large
excess of NaBH4 without the addition of nanocatalysts, the absorption band at 400 nm remains
almost without any change over 30 minutes, implying that 4-nitrophenolate anions will require a
longer length of time to reach complete reduction by aqueous NaBH4 alone (Figure 4.12B). On
the contrary, when nanocatalysts at default condition (e.g. 20 µL AgNO3), hollow core-shell and
alloyed AuNDBs@Pt@SiO2, are introduced to the reaction vessels, 4-NP are efficiently catalyzed
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and reduced. The indication results from the gradual decrease in the absorption band at 400 nm as
reaction time increases and nearly disappears after 30 minutes (Figure 4.12C-D). Instead, a new
absorption peak at approximately 300 nm is observed with a gradual increase in absorption,
indicating the success in the reduction of 4-NP to 4-aminophenol (4-AP).

Figure 4.12 A) Chemical reaction of the reduction of 4-NP and the corresponding product of 4AP; photographs of cuvettes indicate the starting material of 4-NP (yellow) and the product of
reduction, 4-AP (colorless). UV-Vis Absorption spectra of 4-NP with NaBH4: B) without the
presence of nanocatalysts, C) in the presence of core-shell nanocatalyst, and D) in the presence of
alloy nanocatalyst. The time interval between each curve is 1 min over 30 min reaction period.
In order to compare the catalytic activities of hollow core-shell and alloyed AuNDBs@Pt
nanocatalysts with different Pt shell thickness and surface contents, linear relationship can be
followed between the logarithm of relative absorption intensity (ln(At/A0)), as a function of
reaction time, where At and A0 are the relative concentrations of 4-NP at time t = t and t = 0,
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respectively. Amongst the different nanocatalysts, different Pt shell thickness and surface contents
from different AuNDBs@Ag@SiO2 starting materials are used to investigate the catalytic activity.
As illustrated in Figure 4.13A, HQ reduced core-shell nanocatalysts clearly show an
enhanced catalytic activity as the volumes of AgNO3 increase due to the resulting larger surface
area and density of the Pt shell, leading to increasing active sites for the catalysis reaction on the
surface of Pt shells. As the volumes of AgNO3 reached to 120 and 200 µL, the linearity of the rate
gradually smoothens out after 20 minutes of reaction due to the depletion of 4-NP and reduced
completely to 4-AP. As seen in Figure 4.13A (left), the reaction kinetics with respect to 4-NP
shows first-order kinetics due to the linear correlation for the reduction of 4-NP. Moreover, AA
reduced alloy nanocatalysts with different volumes of AgNO3, hence different shell thickness, are
also studied for its catalytic efficiency in comparison to core-shell nanocatalysts. As illustrated in
Figure 4.13B, the reduction rates appear to be more gradual as the volumes of AgNO3 increase.
Alloy nanocatalysts with thickest Pt shell (200 µL AgNO3) did not exhibit a complete depletion of
reactant, suggesting alloy nanocatalysts have an overall weaker catalytic activity. One plausible
justification could be due to the alloying effect, meaning that the Ag-Pt alloy shells are less reactive
for the adsorption of hydrogen atoms at the active sites; thus reducing the overall catalytic activity
toward the reduction of 4-NP. Additionally, as discussed in Figure 4.10, since the Ag-Pt alloyed
shell completely plated over the Au core, synergistic effects of electron transfer between the Au
core and Pt shell are inhibited. Therefore, the overall catalytic efficiency for alloy nanocatalysts is
weakened.
For both core-shell and alloy nanocatalysts, the average kinetic rates are observed for
different shell thicknesses. All samples are collected over 5-day period, consecutively (Figure
4.13A-B (right)). It is worth to note that the catalytic activity is not as high as expected due to full
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silica encapsulation of the nanocatalysts, obstructing access to the active sites. It is possible that
the coverage of the pores of silica are limiting reactants to access and diffuse through, causing a
raise in barrier of the reaction.

Figure 4.13 Catalytic reduction of 4-NP with nanocatalysts. A) Plots of ln(At/Ao) of 4-NP as a
function of time for the reduction catalyzed by HQ reduced AuNDBs@Pt@SiO2 at different
volumes of AgNO3 (left); average kinetic rates as a function of increasing volumes of AgNO3
(right). B) Plots of ln(At/Ao) of 4-NP as a function of time for the reduction catalyzed by AA
reduced AuNDBs@Pt@SiO2 at different volumes of AgNO3 (left), average kinetic rates as a
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function of increasing volumes of AgNO3 (right). Insets correspond to the schematic models of
HQ and AA reduced AuNDBs@Pt@SiO2 nanocatalysts, respectively.
In order to fully justify the core-shell nanocatalysts show a stronger catalytic activity,
mechanism is proposed. The reduction process of 4-NP has been widely studied as the proposed
process combines the adsorption of hydrogen atoms.159,160 The catalytic reduction of 4-NP by
AuDNBs@Pt core-shell bimetallic nanocatalysts feature an advantage of the synergistic effect. As
the reduction reaction of 4-NP begins, 4-NP is more likely to adsorb on the surface of Au than Pt,
whereas BH4- prefers to adsorb on Pt.161 Followed by electron transfer from Au atoms to Pt atoms,
facilitating electron transfer from the adsorbed hydride to 4-nitrophenolate anions that are
adsorbed adjacent to Au. In turn, reducing 4-nitrophenolate to the final product, 4-AP.162,163
Therefore, the synergistic effects of AuNDBs@Pt core-shell nanocatalysts improve its catalytic
performances.
The recyclability, or reusability, is exceptionally important in demonstrating a successful
catalyst with the ability to continuously catalyze the reaction. The recyclability of HQ and AA
reduced nanocatalysts is investigated by repeating the catalytic reactions three times, or cycles, as
shown in Figure 4.14A. The conversion efficiency of HQ reduced nanocatalysts (core-shell)
maintains over 90% over all three cycles of reactions, indicating its robustness and stability.
Meanwhile, AA reduced nanocatalysts (alloy) exhibit much lower conversion percentage, lower
than 80%, with decreasing conversion percentage as the cycle continues. This could be potentially
due to the lack of synergistic effects, as abovementioned, and cause the incomplete conversion.
The decrease in conversion after three cycles could result from the instability of Ag-Pt alloy shell,
ultimately affecting the charge transfer.
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Moreover, another important factor in the fabrication of successful catalysts is to prove its
viability. As demonstrated in Figure 4.14B-C, both core-shell and alloy nanocatalysts effectively
catalyze the reduction of 4-NP after 3 months since fabrication. This indication implies the stability
of the catalysts without any degradation, which could potentially due to the encapsulation of silica
shell around the nanocatalysts. The viability of these silica encapsulated hollow core-shell and
alloy AuDNBs@Pt nanocatalysts validates its catalytic- and cost-efficiency, which demonstrates
its value in industrial-based applications.

Figure 4.14 A)The recyclability of HQ and AA reduced AuNDBs@Pt@SiO2 nanocatalysts at 20
µL AgNO3 for the reduction of 4-NP. Absorption spectra demonstrate its viability of nanocatalysts
after 3 months since fabrication: B) core-shell and C) alloy nanocatalysts at 20 µL AgNO3.
4.4 Future Work
This particular project is immensely complex with multiple noble metals in play. In order
to understand the fundamental understanding of bimetallic nanostructures, couple ideas and
applications have yet to be explored. The first idea is to investigate the elasticity of the silica shell
as Ag shell is etched away by hydrogen peroxide. Thus, the tunability of different silica shell
thickness is required to understand the elasticity properties of silica shell as Ag is etched away. In
another word, does silica shell remain rigid, creating yolk-shell structure, or display an elastic
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property which induce contraction and adhered back to AuNDBs after Ag is etched away.
Additionally, AuNDBs@Ag@SiO2 nanostructures are thought to be used as pH sensor via in situ
SERS monitoring. Since silica coated AuNDBs@Ag ensure both stability and SERS enhancement,
specific probe molecule, 4-aminothiophenol, can be used to investigate its Raman signal as pH
decreases.164 The main motivation behind the idea is the versatility of bimetallic nanostructures as
pH sensor since studies have shown that these nanostructures are useful in monitoring the
interaction between DNA and chemotherapeutic agents in cancer cells.165
Secondly, further characterizations of hollow AuNDBs@Pt nanostructures are required,
such as high resolution TEM (HRTEM) and x-ray powder diffraction (XRD). In order to
understand the crystallinity of the Pt islands on the surface of the shell, especially whether the Pt
nanoparticles are considered single or polycrystalline. This particular information can help
determine structural information and the fundamental understanding of Pt atoms in surface
chemistry. In particular, the Ag-Pt alloy shells require additional characterization technique such
as x-ray photoelectron spectroscopy (XPS) to determine the elemental composition, as well as the
electronic states of Ag and Pt. Furthermore, in depth catalysis of the two different nanocatalysts
can be coupled to in situ SERS monitoring as dual mode application. The purpose is to utilize asfabricated hollow core-shell or alloy AuDNBs@Pt nanocatalysts to simultaneously investigate its
catalytic activity and enhancement via SERS, providing insights into not just the kinetics but also
the mechanism behind the heterogeneous catalysis.
4.5 Conclusions
We reported an effective systematic synthetic approach in the fabrication of hollow coreshell or alloy silica coated AuNDBs@Pt nanocatalysts that ensure nanoparticle stability at every
synthetic step via the spatially confined growth method. The synthesized AuNDBs and
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AuNDBs@SiO2 are pertinent starting materials for the fabrication of AuDNBs@Ag@SiO2 with
different Ag shell thickness. Silica coated AuNDBs@Ag core-shell nanostructures with tunable
Ag shell thickness exhibit characteristic localized surface plasmon resonance as the volumes of
silver precursor are varied while holding all other parameters constant. Subsequently, silica coated
hollow core-shell versus alloy AuNDBs@Pt nanocatalysts are constructed via a co-reduction
method, enacting the galvanic replacement reaction between as-synthesized Ag shell and Pt ions
along with the presence of reducing agents, HQ or AA. HQ and AA reduced nanocatalysts result
in core-shell and alloy nanostructure, respectively, illustrating enhanced catalytic activity as Pt
shell and surface content increase. The mechanisms of HQ and AA reduced nanocatalysts are
explored and justified, concluding HQ reduced core-shell nanocatalysts demonstrate stronger
catalytic performance in comparison to AA reduced alloy nanocatalysts.
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Chapter 5 Morphology Control of SERS-Active 2D Gold Nanosnowflakes
Reproduced with permission from Cohen-Pope, S.; Crockett, J.R.; Wang, M.; Flynn, K.; Hoff, A.;
Bao, Y. Morphology control of SERS-active 2D gold nanosnowflakes. J. Mater. Chem. C 2020,
accepted.
5.1 Introduction
Morphology controlled synthesis of gold nanomaterials has been attracting extensive
interest in recent years since the size and shape of these nanomaterials can greatly influence their
optical, electronic and chemical properties.119,166,167 These properties determine the usefulness of
the nanomaterials in a wide range of applications, such as catalysis168, bio-sensing169, optics170,
solar cells169, bioimaging171, and surface-enhanced Raman spectroscopy (SERS)79,172. A variety of
shapes can be produced, including spheres, cubes, rods, plates, etc., which allows for the selection
of desired properties for specific applications.173–175 From this wide variety, 2D branched
nanostructures (e.g. dendritic, snowflake, and flower-like) have obtained significant attention,
particularly in the fields of SERS and catalysis. These nanostructures have large specific surface
areas and a high density of edges and corners, which are essential features for SERS and catalyst
performance.176–179
Until now, most reported 2D Au branched nanostructures were fabricated at interfaces,
such as air/water, liquid/liquid and solid/liquid.177,180–183 Compared to other nanostructure types,
constructing 2D branched nanostructures have a unique synthetic challenge, which is to confine
the branching to one plane while minimizing growth in the perpendicular direction.183 The studies
that have managed to synthesize such nanostructures182,184,185 have utilized methods such as
electrochemical deposition180 and galvanic reaction183,184. While these approaches have been
demonstrated to permit direct fabrication of branched nanomaterials on substrates, these methods
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have also resulted in minimal control on the location and the quantity of gold ions being reduced.
Control of these parameters is essential for influencing the nucleation and growth kinetics of the
nanocrystals and their subsequent impact on the final morphology.
Several other research groups have put effort into preparing 2D Au dendrite nanostructures
with the assistance of structure-directed surfactants or additives and have demonstrated some level
of control of the shape of 2D Au dendrite nanomaterials, though these groups have not
simultaneously controlled shape, size and density.186,187 For example, Wang and co-workers
fabricated 2D snowflake-like highly branched Au nanostructures with the aid of the cationic
gemini surfactant, hexamethylene-1,6-bis(dodecyl dimethylammonium bromide) (C12C6C12Br2).
In their work, C12C6C12Br2 acts as a capping agent which selectively adsorbs onto the (111) plane
to drive the generation of the 2D morphology. Additionally, the surfactant also plays a role in
mediating the growth kinetics through the quaternary ammonium cations of C12C6C12Br2 binding
with both Au(III) and Au(I) through strong electrostatic interactions. This leads to a decrease in
the reduction potential of the gold ions and a decrease in the diffusion rate, resulting in some
control of the shape (though not the size or density) of Au 2D branched nanostructures.187
Seed mediated growth is widely used to control the morphology of branches for 3D Au
nanostructures by altering the ratio of gold seeds and chemicals in colloidal growth solution.188
The seeds in the growth solution can act as nucleation centers, favoring exterior gold atoms to be
immobilized on the surface, slowing the formation of new nucleation centers. In addition, by
altering the ratio of seeds and additive chemicals in the growth solution, it is possible to control
the diffusion kinetics of metal ions and thus the reactivity of the gold ions. For example, Li and
co-workers altered the ratio of the gold seeds and the additive hydroquinone, allowing for a wide
range of tunability in the diameters and morphologies of the urchin-like Au particles.189 Even with
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such an approach being commonly used in colloidal solution synthesis, there is no report on using
such an approach to fabricate 2D dendrites with controlled size, shape and density.
In this work, we developed a simple and rapid synthesis method for 2D gold snowflake
nanomaterials (Au NSFs) based on seed mediated growth which allows for fine-tuning of the
morphology and size of the 2D Au branched structurers by altering the synthesis conditions. Gold
nanoparticle seeds were pre-placed on the substrate, then a reduction mixture of sodium citrate and
hydroquinone were used to form the Au NSF, which acts as reducing agents and capping ligands.
The Au3+ is reduced to Au+ by citrate, while Au+ is further reduced to Au0 by hydroquinone. The
impacts of seed concentration and growth solution pH on the resulting Au NSFs were explored in
detail, and a mechanism of the Au NSF formation is proposed based on the experimental data on
both morphology formation and evolution. Finally, we compared the optical properties and
investigated SERS activity of the various sizes and morphologies of the Au NSF substrates which
gives us a better understanding of the structure-property relationship.
5.2 Experimental Procedure
5.2.1

Materials.
Tetrachloroauric acid trihydrate (HAuCl4 ٠3H2O, ≥99.9%), hydroquinone (≥99%), sodium

hydroxide (NaOH, 30% wt.), hydrogen peroxide (H2O2, 30% wt.), crystal violet (CV), cellulose
acetate (CA, MW ≈ 30,000), poly(allylamine hydrochloride) (PAH, MW ≈ 50,000) and
poly(sodium 4-styrenesulfonate) (PSS, MW ≈ 70,000) were purchased from Sigma-Aldrich.
Hydrochloric acid (HCl, concentrated) was purchased from Macron. Ethanol (95%) was purchased
from Pharmco-Aaper. Sodium citrate dihydrate (C6H5O7Na3 · 2H2O, ≥99%) and Sulfuric acid
(H2SO4, concentrated) were purchased from Fischer. Poly(diallyldimethylammonium chloride)
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(PDADMAC, MW ≈ 240,000) was purchased from Polysciences. Nanopure water with a
resistivity of 18 MΩ cm was used in all experiments.
5.2.2

Preparation of Seed Solution.
Negatively charged citrate-coated gold nanoparticles (Au NPs, 13 nm in diameter) were

prepared according to the well-known citrate reduction method as described in the literature.190
Typically, HAuCl4 (75 μL, 0.1M) was added to nanopure water (30 mL) and brought to a boil on
a stir plate. Then, sodium citrate (900 μL, 1% wt.) was added to the solution and left to boil for 40
minutes. A few minutes after the sodium citrate was added, the solution turned from clear to
lavender, before finally turning a wine red. The resulting seed solution was allowed to cool to
room temperature, then stored in the fridge for further use. In the default conditions, the seed
solution was diluted three times before use.
5.2.3

Layer-by-Layer Thin Film Preparation.
Silicon-wafer substrate and glass slide substrate with a typical size of 10 mm × 10 mm

were cleaned in a piranha solution [3:1(v/v) H2SO4/H2O2]. Attention: Piranha solution is
extremely dangerous and should be handled very carefully. After cleaning, the substrates were
rinsed with nanopure water at least three times and then stored in nanopure water until use. The
glass slide substrates were used for the purpose of obtaining UV-Vis spectra of Au nanosnowflakes. The multiple polymer layers were fabricated by the spin-assisted LbL method. In
general, a layer of positive charged polyelectrolyte was first deposited onto the substrate by spin
coating for 30 s at 11,000 rpm. The substrate was rinsed once with nanopure water and dried while
spinning for 30 s at 11,000 rpm. In a similar manner, a negative charged polyelectrolyte was
deposited. This procedure was repeated until the desired number of polymer bilayers was achieved.
Two types of polymer bilayers were prepared. One has 1.5 bilayers which were fabricated with
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PDADMAC

(0.1%

wt.)

and

PSS

(0.3%

wt.),

expressing

as

this

formula:

PDADMAC/PSS/PDADMAC; the other has 18.5 bilayers which were fabricated with PAH (0.2%
wt.) and PSS (0.2% wt.), expressing as this formula: (PAH/PSS/PAH)18.5 and it is for freestanding
film. After fabricating the designed polymer bilayers, 200 μL of the sodium citrate gold
nanoparticle solution with certain dilution was deposited on the substrate by spinning coating for
30 s at 11,000 rpm. To obtain a freestanding film, a sacrificial cellulose acetate (CA) layer was
first spun on the prepared silicon substrate before further deposition. Freestanding LbL thin films
can be obtained by dissolving the sacrificial CA layer in acetone. The freestanding LbL films can
be lifted from the solution using a variety of substrates, such as glass slides, silicon wafers, and
copper grids for further characterization and investigation. All of the procedures were performed
in a class 100 softwall clean room.
5.2.4

Gold Nano-snowflake Growth.
For the nano-snowflake growth, HAuCl4 (75 uL, 0.1M) was added to nanopure water (9.6

mL) in a 20 mL vial. The pH of the solution was adjusted as desired using NaOH (4 μL-30 μL,
1M) or HCl (20-480 μL, 1M). The seeded substrate was suspended in the solution, then sodium
citrate (22 μL, 1% wt.) was added, followed by hydroquinone (1 mL, 30 mM). After two minutes,
another addition of hydroquinone (500 μL, 1M) was added. After another two-minute period, the
substrate was then removed from the solution, and rinsed with nanopure water before being blown
dry with nitrogen.
5.2.5

Instruments and Measurements.
We have utilized a variety of techniques to study the Au NSFs. UV-visible spectra of Au

NSFs were obtained using a Jasco V-670 UV-Vis-NIR spectrometer. The morphology and
thickness of Au NSFs and multilayer thin films were measured on a Bruker BioScope Catalyst
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atomic force microscope using tapping mode under ambient conditions. The scanning electron
microscopy (SEM) and scanning transmission electron microscopy (STEM) images of the
freestanding multilayer thin film with Au NSFs were obtained on the JEOL-7200F field emission
SEM operated at 30 kV. Higher resolution TEM (HRTEM) images were obtained using a FEI
Tecnai F20 instrument (Thermo Fisher Scientific) operated at 200 kV. Samples for this analysis
were prepared by depositing the freestanding films on copper grids and dried overnight.
The crystalline formations of Au NSFs were checked using a Rigaku Miniflex 6G benchtop
diffractometer. The X ray diffraction (XRD) patterns of Au NSFs on silica substrates were
measured in the range of 32-90° with a step of 0.02° and a scan rate of 0.50°/min while spinning
the samples at 10 rpm, employing a characteristic Cu Kα radiation having a wavelength of k =
1.540593 Å, with a 40 kV voltage and 15 mA current. The full-width at half-maximum (FWHM)
from different peaks were used in Scherrer's equation to determine the average crystallite size of
the nanoparticles.
Rhodamine 6G (R6G) molecule was used as a Raman reporter to evaluate the SERS
efficiency of the Au NSFs. Samples were prepared by dipping in 1 mM R6G solution for several
hours and then substrates were dried overnight. SERS measurements were carried out with
confocal Raman microscopes. The excitation wavelength was 532 nm, and the power was 200 µW.
The spectrum was collected with a 50× objective and with 5 s integration time using the Thermo
Scientific DXR2 confocal Raman microscope. SERS mapping results were collected with a 100×
objective and with 5 s integration time using the Renishaw InVia confocal Raman microscope.
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5.2 Results and Discussion
Synthesis and characterization of 2D polymer-Au NSF composites.
The approach to preparation of polymer-Au NSF composites starts from a piranha solution
treated substrate as shown in Scheme 5.1. In order to fix the gold seeds onto the substrate, the
substrate was modified by alternating charged polyelectrolytes and by eventually leaving the
positively charged polymer as the top exposed layer. The gold seeds can thus be fixed on the
modified substrate via electrostatic attraction. In this case, 1.5 bilayers of polyelectrolytes were
deposited on the substrate before further use. The pre-placed gold nanoparticle seeds with
diameters of 15.0 ± 2.4 nm were prepared by reducing gold chloroauric acid with sodium citrate
at boiling temperature.191 The pre-placed seeds were then grown into the NSF structures by
immersing the substrate into the growth solution. To kinetically control the formation of Au0 atoms
and subsequent Au crystal, weak reducing agents including sodium citrate and hydroquinone were
employed in the growth condition. The whole process is completed under 4 minutes, which is very
rapid. Note there are two steps to complete the process of creating and stabilizing Au NSFs. The
first step is the reducing process which takes two minutes to complete. Such reaction time is
determined by monitoring the growth of Au NSF. If the permitted reaction time was substantially
reduced, the Au nanostructures would not have reached their maximum size given the synthesis
conditions. The second step is the additional injection of hydroquinone and react for two additional
minutes. This step is to allow hydroquinone to fully stabilize the branch formation. The ligand
stabilization is a very quick process. As others have reported192, the UV spectra were unchanged
with two minutes of the ligand addition. It is worth mentioning that during the formation of
nanoflakes, the seeds will behave as an active surface for exterior gold atoms to deposit. The size
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of seed might have a minor impact on the core-size of Au NSFs, while it would not largely impact
the morphology of the Au NSFs.

Scheme 5.1 Schematic illustration of the polymeric- gold nano-snowflakes (Au NSF) composite
preparation.
Figure 5.1a shows the scanning electron microscopy (SEM) image of the fabricated NSFs
under the default synthesis conditions, revealing their morphology, structure, and size. It is clearly
showing that the fabricated Au NSFs were deposited across the film without any significant
aggregation. Figure 5.1b (and 5.1b inset with larger magnification) show the morphology of
individual Au NSFs: rather symmetric dendritic nanostructures with pronounced branches
originating from the core and then split into larger numbers of sub-branches filling the space at the
boundaries. Atomic force microscopy (AFM) was used to measure the thickness of the Au NSFs.
As shown in Figure 5.1c, the thickness of Au NSFs is relatively uniform. Note that the core of the
Au NSF is much thicker than the branches. One representative AFM image of an individual NSF
with height profile is provided in the supporting information (Figure 5.2) showing that the
thickness of the NSF core is about 40 nm more than the branches. Additionally, the branches of
the NSF are not completely flat and the thinnest branch is less than 10 nm tall. Based on AFM and
SEM data, the average diameter of the Au NSFs under our default synthesis conditions was found
to be 194.4 ± 37.6 nm and the average thickness is about 12 nm. The size and thickness histograms
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are shown in Figure 5.1d (red and black traces respectively). Thus, the aspect ratio of the Au NSFs
is well above 15 which indicates the structure is 2D.

Figure 5.1 SEM images of as-prepared NSFs with (a) low magnification and (b) higher
magnification (inset in b shows the dendrite nanostructure of the individual NSF). (c) Height AFM
image of the fabricated NSFs on polymer modified substrate shows the thin thickness of the NSFs.
(d) Data histograms of NSFs thickness (black line) and diameter (redline).

Figure 5.2 AFM image and line profile of Au NSF.
Figure 5.3a presents an X-ray diffraction (XRD) pattern of the as-prepared NSFs on
polymer modified Si substrate which reveals its crystalline information. There are clearly observed
main diffraction peaks at ca. 38.2ᵒ and 44.4ᵒ assigned to the (111) and (200) lattice planes of facecentered cubic (fcc) Au crystal (JCPDS No. 4-0784). In addition, the diffraction peak at ca. 64°
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assigned to the (220) lattice planes is quite weak and cannot be well discerned. The single
crystalline domains, determined by the Debye-Scherrer formula, were 16.60 nm and 40.02 nm
according to the (111) and (200) crystalline planes, respectively. It is understandable that (111)
gives a smaller crystalline size since the sharpness of the diffraction peaks correlates to the size of
the crystallite. It is interesting to note that the intensity ratio of the (111) peak to the (200) peak is
ca. 0.5. This value is substantially smaller (specifically speaking, nearly 4 times) than is reported
in the standard JCPDS file of Au193, which generally is ca. 2. Such an observation indicates that
the as prepared Au NSFs in Figure 5.1 are polycrystalline in nature and are predominantly
enriched with (200) crystal facets. Elemental analysis was performed by energy dispersive X-ray
spectroscopy (EDS) elemental mapping (Figure 5.3b) and confirms the active presence of silicon
as the substrate and further confirms that NSFs are composed of elemental Au.

Figure 5.3 Characterizations of the as-prepared NSF on polymer modified Si wafer: (a) XRD
pattern, (b) elemental mapping, (c,d) TEM and corresponding HRTEM images. The exposed
lattice fringes are (111) plane and (200) plane, corresponding to the Au lattice spacing of 0.23 nm
and 0.20 nm, respectively.
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In order to perform high-resolution transmission electron microscopy (HRTEM) to further
verify the population of crystal planes in the Au NSFs, freestanding NSFs were fabricated by
adding a sacrificial layer of cellulose acetate on the substrate before the polyelectrolyte
modification and increasing the numbers of polyelectrolyte bilayers before seed deposition. The
detailed preparation of the freestanding film is stated in the Experimental Section. Figure 5.4 show
the Au NSFs fabricated on 18.5 bilayers of polymeric thin film composed by alternating deposition
of positive and negative charged polyelectrolytes. It can be clearly observed that the polymeric
thin film, which is porous, is decorated with a high density of Au NSFs. The porous structure of
the thin film is possibly due to the low concentration of polymer that was applied in this study. It
is worthwhile to note that the Au NSFs are less likely to grow over the top of pores, instead tending
to grow around them, as seen in Figure 5.4. In addition, the density and size of pores on the thin
film can be controlled by carefully modulating the conditions of assembly process and posttreatments of thin films according to earlier works.194 The size and morphology of Au NSFs are
consistent with the ones that were made on few layers of polymer modified silicon wafer. The Au
NSFs are composed of numerous branches and their formed nanogaps, as seen in Figure 5.3c. The
corresponding HRTEM of an individual Au NSF is shown in Figure 5.3d. The crystalline lattice
fringe spacing’s of 0.20 nm and 0.23 nm, assigned to (200) and (111) facets of fcc Au, can be
easily observed. This observation is in good agreement with the data obtained from XRD
investigation showing that the Au NSFs is polycrystalline.
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Figure 5.4 Low magnification (left), middle magnification (center), and high magnification (right)
STEM images of freestanding Au NSFs decorated thin film.
Mechanistic study of the Formation of Au NSFs.
It has been reported that the 2D nanostructures, including nanoplates and nanodendrites,
can be formed under kinetically controlled conditions, where the driving force is large, through a
non-equilibrium process.195 The main criterion proposed to achieve kinetic control is that the
reaction should proceed considerably slower than under normal conditions. Under such conditions,
the final product can take on shapes deviating from the thermodynamically favored equilibrium
shape. Therefore, the formation of more complicated structures requires a higher driving force,
i.e., a lower reaction or precursor rate. In our work, the growth of 2D Au NSFs are formed under
kinetically controlled reduction by using the weak reducing agents including sodium citrate and
hydroquinone in the growth condition. In addition, the whole nanostructure formation process is
under the guidance of a “diffusion-limited aggregation” (DLA) strategy as depicted in Scheme
5.2.
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Scheme 5.2 Schematic illustration of the Au NSF formation process.
The substrate initially has deposited Au NP seeds acting as a nucleus, which are the growth
centers for the final products. A reduction mixture of sodium citrate and hydroquinone are used to
stepwise reduce Au3+ to Au0. Since the growth step is operated at room temperature, the
reducibility of sodium citrate is weak which can only reduce Au3+ to Au+. When hydroquinone
was added, the Au+ was slowly reduced to Au0 which then migrated onto the substrate where
aggregation with the existing Au seeds forms the primary branches.189 With continuous reduction
of Au3+, more Au0 is formed far from Au cores and diffuses across the substrate to further join to
the core at places with a lower energy barrier to form secondary and higher order branches. The
process will last until all Au3+ ions are consumed. Eventually, the DLA process facilitates the
assembled nanostructure as a dendrite-like fractal structure. The formed nanostructure was
stabilized by the excess sodium citrate, adsorbing on the Au surface. Note that hydroquinone might
also adsorb on the Au surface, in direct competition with sodium citrate. However, given that
sodium citrate possesses stronger coordination with the gold surface than does hydroquinone, it
acts as the primary ligand.189,196
Controls over the density, size and microfeatures of the NSFs.
Pre-seed concentration. Variations in the Au seed concentration deposited onto the polymer
modified substrate were studied in order to observe the morphology change of the fabricated Au
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NSFs. Figure 5.5a shows the Au NSFs fabricated when the seed solution was 45 times (45x)
diluted with nanopure water, which reduces the concentration of Au seed from 0.71 mM (found
under 3x dilution in the default synthesis condition) to 0.047 mM. The silicon substrate is
uniformly decorated with much larger 2D Au NSFs (diameter ~1000 nm, as compared to ~194 nm
under the default condition) without any significant aggregation; Figure 5.5b shows a
representative SEM image of an individual Au NSF. It can be clearly observed by comparison to
the Au NSFs fabricated from 0.71 mM seed solution (3× diluted, shown in Figure 5.1b) that the
Au NSF grown from a lower concentration of seed has a bigger core and more complex branches
with nanosized roughness features. This can be explained by the decreased Au seed nucleus
concentration, which leads to additional gold atoms for deposition onto each of the seeds, thereby,
forming more branches. EDX elemental mapping (Figure 5.6) reveals that the NSF is still entirely
composed of elemental Au.

Figure 5.5 SEM images of Au NSFs fabricated with seed concentration at 0.016 mM with (a) low
magnification and (b) high magnification. (c) Plot of Au NSFs average diameter vs. seed
concentration. (d) Plot of seed density on substrate vs. seed concentration.
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Figure 5.6 Elemental mapping result of the NSF prepared with diluted seed solution.
More generally, Figure 5.5c clearly shows that as the seed concentration was diluted, the
average size of Au NSFs increased. For instance, when the seed concentration was diluted by 10×,
the average size of Au NSFs was 314 nm. As the concentration was diluted further to 30x (0.0705
mM), the average size of Au NSFs increased to 580 nm. Eventually, with 45× dilution, the average
size of Au NSFs reached to about 1000 nm. We found that the size of Au NSFs increases
nonlinearly with a decrease in seed concentration. Such results can be explained by the impact of
concentration of seed solution on the density of seed that deposited on the substrate. The densities
of seeds deposited onto the substrate decreased exponentially with increased dilution, as can be
seen in Figure 5.5d. Seed density on the substrate increases nonlinearly with the concentration of
the seed solution. The trend in seed density mirrors the change of the NSF diameter, indicating
that a higher density of seeds on substrate will lead to smaller NSFs growth. This is reasonable,
since the gold source concentration remains the same in our study so the number of seeds will
determine the amount of source gold that could be consumed by individual seed. With more seeds,
less gold source will be available for individual seeds.
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pH effect. The effect of adjusting the pH of the growth solution on the morphology
of Au NSFs was studied. The pH of the growth solution was adjusted from the default synthesis
condition of pH 3.10 by adding either HCl or NaOH over the pH range of 1.69 to 4.97. As the pH
of the solution was decreased to 1.69, the color of the growth solution changed slower while at
higher pH, the color change was more rapidly. Upon the addition of hydroquinone, the initially
colorless growth solution at pH 1.69 takes 20 s to turn orange. When the growth solution has a pH
of 3.10, which is the default growth solution, it takes 2 s to undergo a rapid color change from
colorless to brown. In the case of pH 4.97, the color changes almost instantly from colorless to
dark blue. The growth solutions from pH 1.69 and 4.97 after the reactions were examined by the
UV-Vis spectrometer and their spectra shows a distinctive difference. Specifically, the pH 4.97
growth solution shows broad plasmon resonance features starting at 700 nm (Figure 5.7), which
has a high absorption intensity. It is highly indicative of excess gold nanoparticle formation in the
growth solution. Meanwhile, the UV-Vis spectrum of pH 1.69 growth solution only shows a very
weak peak at 420 nm. This indicates the gold sources in the solution are almost entirely
immobilized on the substrate, leave nearly zero gold in the solution.

Figure 5.7 Optical extinction spectra of growth solution after the completion of fabricating Au
NSFs under pH 1.69 and 4.97.
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SEM imaging was used to analyze the different morphologies of the Au NSFs prepared in
various pH growth solutions. Figure 5.8a, 5.8b, and Figure 5.9(a-f) are representative SEM
images of Au NSFs prepared in various pH growth solutions. An important feature for all samples
is that the individual branches from two neighboring seeds never crossed each other, instead, a
small but clear gap was formed at the converged interface. This is caused by deficiency of gold
source at that location. Beyond this, based on the SEM images, the morphologies of NSFs from
pH 1.69 to pH 4.97 appear significantly different. The Au NSFs’ appearance on substrates appears
more uniform on samples prepared at the pH toward acidic condition. As shown in Figure 5.10, a
sample prepared at pH 1.69 shows much higher density of Au NSFs across the substrate. Compared
to the default sample prepared at pH 3.10 (in Figure 5.1a), the structure in Figure 5.8a tends to
have fewer branches and the diameter of the Au NSFs is larger, about 441 ± 119 nm. The gap
between two Au NSFs due to deficiency of gold sources between them occurs more frequently in
this sample since the NSFs are larger and tend to get close to neighboring seeds as clearly shown
by the two highlighted sectors in Figure 5.8a.

Figure 5.8 (a-b) SEM images of Au NSFs fabricated with pH of growth solutions at (a) 1.69; (b)
4.97. (c) Average length with respect to diameter and thickness of the Au NSFs with various pH
growth conditions. (d) Plot of fractal dimension vs. pH of growth solutions.
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Figure 5.9 (a-f) SEM images of Au NSFs fabricated with pH of growth solutions at various pH
values. Scale bar: 1 µm. (g) Average sizes of the popcorn-like nanomaterials fabricated at various
pH growth conditions. Inset: A representative image of popcorn-like nanomaterials from pH 4.97.
Scale bar: 100 nm.

Figure 5.10 (a) Low magnification and (b) high magnification SEM images of Au NSFs fabricated
with pH of growth solutions at 1.69.
However, the sample prepared at pH 4.97 has less uniformity. In addition to snowflake
nanostructures on the substrate, there are ‘popcorn-like’ gold nanomaterials. Such structures were
observed on samples prepared from pH 3.20 to 4.97, as clearly shown in Figure 5.9(e-f) and inset
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in Figure 5.9g. The sizes of the popcorn-like nanomaterial were analyzed and showed no
significant difference among those samples, about 90 nm in diameter on average (Figure 5.9g).
The structure of Au NSFs prepared at pH 4.97 shows more branches (shown in Figure 5.8b) and
the diameter of the Au NSFs are larger, about 592 ± 121 nm, compared to the default sample
prepared at pH 3.10. Note the NSFs in Figure 5.8a are much denser than in Figure 5.8b, which
can cause NSFs in Figure 5.8a to appear larger than they are. Figure 5.8c shows the Au NSFs’
diameter and thickness under various pH growth conditions. Note that Figure 5.8c does not
include data for the popcorn-like nanomaterial when it exists from pH 3.20 to 4.97. It clearly shows
the diameter of Au NSFs increase when decreasing the pH from 3.10 to 1.69 and increasing pH
from 3.10 to 4.97. The thickness of Au NSFs, obtained from AFM, decreases when increasing pH
from 1.69 to 2.53 and maintains relatively similar thickness afterwards.
The fractal pattern can be analyzed as an index of fractal dimension (Df). Df describes their
convolution in the ratio of change in detail to that of scale, which provides the information about
the structural complexity and its efficiency, specifically in terms of the covered surface area.197 Df
is calculated by the box counting method following Barabasi.198,199 Fractal dimension was
calculated with box counting algorithm via Fraclac Version 2.5 software developed by
ImageJ166,167. In general, a representative SEM image of individual NSF prepared at certain pH
condition is divided into a number of boxes (N(r)) of a fixed size (r) in such a way that it covers
almost all the fractal structure to any scale to get the overall dimension by analyzing each and
every box iteratively. The graph depicts the overall boxes count required to wrap the fractal pattern
as a function of 1/r (which is the inverse size of the box). A linear fit then has been plotted for the
logarithmic plot (N(r)) vs inverse of the box size (1/r) to determine the value of fractal dimension
(FD) from the fractal structure. We used the fractal dimension Df to evaluate the shape complexity
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of Au NSFs, calculating them using Fraclac Version 2.5 software developed by A. Karperien200.
The calculated values of Df for NSFs from pH=1.69 to 4.97 are shown in Figure 5.8d. It was found
that when pH increased from 1.69 to 4.97, the Df gradually increased from 1.28 ± 0.02 to 1.70 ±
0.03. This indicates that with increasing pH, the branching of fractal structures increases, which
can also be observed from the SEM images. We note that the value of Df =1.70 ± 0.03 for the pH
4.97 sample is in agreement with the 2D DLA simulation (ca. 1.7).201,202
Based on these results, we suggest that the supply rate of Au0 in higher pH growth condition
is much faster than lower pH growth condition. Sodium citrate and hydroquinone are well known
reducing agents whose electrochemistry and impact on synthesis of gold nanomaterial has been
widely studied.124,203,204 During reduction, sodium citrate firstly reduces Au3+ to Au+ by accepting
two electrons from the citrate oxidation reaction. Once Au+ are formed, hydroquinone reduces
them to Au0. Hydroquinone undergoes a two electron, two proton oxidation process, to form
benzoquinone which is illustrated in Scheme 5.3. The influence of pH on the oxidation of reducing
agents is important because H+ ions are involved in the oxidation/reduction process.

Scheme 5.3 Stepwise reduction of Au3+ to Au1+ by sodium citrate (Equation 1) and Au1+ to Au0
by hydroquinone (Equation 2).
When HCl is added to lower the pH of the solution, it provides the H+ ions to the solution.
As the number of H+ ions increase, the availability of electrons to reduce the Au3+ falls and the
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reaction rate becomes slower. In accordance with Le Chaterlier’s principle, the citrate and
hydroquinone become less effective at reducing processes and the Au0 formation rate becomes
much slower. In this case, the surfaces of the gold seeds probably play a more important role as
surface-catalyzed centers, which favors the exterior gold atoms to reduce on the seeds’ surface.
Given the less effective oxidation process, hydroquinone prefers reducing Au+ on the surface of
gold seeds. This also can explain why the thickness of Au NSFs increase when decreasing pH of
the growth solution. In addition, due to the slow diffusion and deposition rate, the final Au NSFs
have fewer branches and their Df is about 1.28, which is far away from 2D DLA simulation (ca.
1.7).
On the other hand, under the higher pH conditions, the rate of Au0 reduction increased
which makes secondary nucleation unavoidable. In this case, the surfaces of the gold seeds
probably play a less important role as surface-catalyzed centers. Instead, hydroquinone is able to
reduce Au+ to Au0 far from Au cores and Au0 diffuses across the substrate to further join to the
core which was discussed in Scheme 5.1. Since the Au0 is produced much faster than it is
consumed by the Au seeds, secondary nuclei are formed in solution. The observed popcorn-like
objects are the resulting nanomaterials formed in solution and deposited on the substrate and give
rise to the Au formation peak. Additionally, this increased rate of Au0 reduction explains the fast
color change of the growth solution discussed earlier. A potential explanation for the popcorn-like
objects being of similar size is that sodium citate stabilized the gold, restricting the nanoparticle
growth to a critical size. Under the higher pH conditions, in addition to being a source for
secondary nucleation formation, there is enough Au0 in the solution to continue to deposit on the
surface of gold seeds, forming NSFs via DLA growth. The change of Df values also suggests that
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the formation of the higher branched Au NSF (with higher Df) occurs with high immobilization
efficiency of Au0 on pre-placed seeds.
The XRD patterns in Figure 5.11 are carried out to acquire the structural information of
NSFs fabricated under various pH conditions. XRD patterns of samples fabricated from growth
solutions at pH 4.97 and 1.69 are shown in Figure 5.11a. It is obvious that the (111) crystal facets
are highly exposed as seen the extremely high (111) intensity for both samples. Very high values
for the intensity ratio of (111)/(200) suggest that the (111) facets are predominantly enriched in
the samples. One clear difference between the samples from pH 4.97 and 1.69 in Figure 5.11a as
compared to the sample fabricated at pH 3.10 in Figure 5.3a is their diameters are larger, as seen
in Figure 5.8c. Thus, these observations suggest that the Au NSF grew preferentially along the
(111) direction. Similar observations on Au dendrite were reported by other groups.205,206 In
addition, the sample fabricated at pH 1.69 is much thicker and denser than other samples. This
explains the high counts for this sample compared to others. Figure 5.11b is the plot of peak ratio
vs. pH of the growth solutions. The relationship between the diameter of the Au NSFs and
populations of plane (111) is further confirmed by noting that the trend of populations of plane
(111) as pH levels change seen in Figure 5.11b is in agreement with the trends of the diameter and
thickness of Au NSFs as pH levels change shown in Figure 5.8c. In both of these figures, the
minimum value occurs around pH 3.10.
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Figure 5.11 XRD patterns of Au NSFs fabricated with pH of growth solutions at (a) 4.97 and 1.69.
(b) Plot of peak ratio (200/111) vs. pH.
Optical properties and SERS result.
Figure 5.12 gives the UV-vis-NIR spectra (400 nm to 1500 nm) of four represented
samples that were fabricated under various conditions, including pH 1.69, 3.10, 4.97 and pH 3.10
but with pre-deposition of 45× diluted seed solution (instead of the 3× default). Note that the
“squiggle” region in the spectra was due to switching between diffraction gratings, which was
unavoidable in the experiment. The default sample prepared at pH 3.10 showed strong absorptions
at 580 nm. As is well known, the surface plasmon resonance (SPR) of Au nanomaterial greatly
depends on its morphology and environment. Thus, the observed absorption spectra may represent
a contour combining the size, aspect ratio and coupling factors of the hierarchical dendritic
structures. For Au NSFs, as the size of the 2D structure increases, the frequency of SPR will move
to a longer wavelength due to the long-range interaction of SPR in the 2D NSFs. As shown in
Figure 5.12, samples prepared with pH 1.69 and 4.97 give a significant red shift of SPR peak from
the visible to the near infrared region, which is consistent with the morphology evolution of NSFs
discussed earlier. The broadened peaks may be the result of multiple plasmon coupling between
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side branches and neighboring trunks. It is worth mentioning that the broadened SPR peak for
NSFs at pH 1.69 has another attribution since the sample prepared in this condition has much
denser packing of NSFs. Such dense packing can generate a significant amount of intra-structural
plasmonic coupling, leading the plasmon resonance to broaden. For the sample prepared at pH
3.10 with 45× diluted seed solution, the spectrum shows a gradual increase in absorption from
about 500 nm to the near-IR region without indication of leveling off. This is not surprising
considering the size of Au NSF under these conditions is close to one micrometer and such
broadened absorption can be ascribed to the dipole and quadrupole plasmon resonances of NSFs
based on the prediction of discrete dipole approximation.207,208

Figure 5.12 Normalized optical extinction spectra of Au NSFs fabricated under pH 1.69, 3.10,
4.97 as well as 45 times diluted seed solution with pH 3.10.
It has been demonstrated that gold branched nanostructures present a great deal of sharp
corners, edges and junctions, which act as electromagnetic “hot spots” for SERS. In our work, the
SERS intensities for the fabricated substrates are not uniform across the substrates since SERS
intensity will be impacted due to local environments such as size and density of Au NSFs on
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substrates.209,210 Due to the non-uniform distribution of Au NSFs, it is not possible to get a
representative EF and LOD for the prepared samples as reported elsewhere.211–213 In order to
understand the relationship between substrate conditions and SERS properties, optical imaging
and confocal Raman mapping were conducted on substrates decorated by the Au NFs obtained at
pH 1.69. R6G was used as probe molecule. Figure 5.13 shows the Au NSFs-decorated substrate
with a scratch which is used to give contrast to Au NSFs area. The locations of the Au NSFs can
be observed under the optical microscope which has a brighter color than the area without NSFs.
A typical 10 µm × 10 µm area, shown in Figure 5.14a, was investigated with the confocal Raman
technique. The SERS mapping result in Figure 5.14b shows that the intensity distribution of
certain Raman peak, in this case is at 1507 cm-1 across the whole area. Strong SERS signals were
obtained from the locations having Au NSFs. The Raman map shows a similar pattern to the optical
image, indicating the effective SERS enhancement of Au NSFs on the substrates. In other words,
the Raman map identified the location and density of the Raman hot spots, which were generated
by closely packed Au NSFs.

Figure 5.13 Optical image of Au NSFs decorated silicon substrate taken under 100× objective.
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Figure 5.14 (a) An optical image of the Au NSFs decorated substrate with a scratch; (b) confocal
Raman image of the same area. Size of the area: 10 µm × 10 µm. (c) Raman spectra recorded in
positions (red, blue, and black spots) in (b).
Three Raman spectra from the represented spots (red, blue and black color in (b)) were
plotted and shown in Figure 5.14c. Comparing to the spectrum taken on the black spot without
Au NSFs, the red and blue areas show the characteristic vibration bands of R6G molecules which
clearly appeared at 612, 765, 1186, 1306, 1360, 1508, 1574, and 1650 cm-1. The band at 612 cm-1
was assigned to v(C-C-C) in-plane stretching mode. The bands at 765 and 1186 cm-1 were assigned
to v(C-H) out-of-plane and in-plane bend mode, respectively. The bands at 1360, 1508, 1574, and
1650 cm-1 were related to the C-C stretching of the aromatic ring.214 The black spot does not have
any characteristic peaks of R6G which is reasonable due to lacking Au NSFs. Additionally, the
red spot has much stronger SERS intensity than the blue spot. By comparing the optical image and
SERS mapping, it can be observed that the red spot is coming from the locations that have several
Au NSFs while blue spots have lower NSF density. Thus, the ability to observe strong SERS
signals from one or a small number of Au NSFs is valuable for both the fundamental study of
SERS-active substrates and potential applications such as sensing technology.
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5.3 Conclusions
In summary, an efficient approach to fabricate the 2D Au snowflake-like nanostructure on
polymeric modified substrates has been demonstrated where the morphology of the nanostructure
can be controlled and fine-tuned by adjusting the density of seeds and the pH of the growth
condition. This seed mediated growth approach is effective in controlling the number of nuclei on
the substrate and thus controlling the final morphology formation. SERS characterization was
performed to study the relationship between the substrate local environment and SERS
enhancement. Our study demonstrated a successful approach to fabricating SERS-active dendrite
2D Au nanostructures with controlled morphology, structures, and properties, which will have
broad applications such as plasmonics and catalysis.
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Chapter 6 Conclusions
In summary, the discussed studies mainly present the effective synthetic approaches of
plasmonic-based hybrid nanomaterials, where nanoscale components are integrated onto GNRs in
a controlled manner. The morphology of the produced plasmonic hybrid nanomaterials is
successfully fine-tuned by carefully adjusting the synthetic conditions and surrounding media,
demonstrating the optimal synergistic effects and characteristics. As the morphology is tuned, the
GNRs preserved their plasmonic properties in the hybrid nanomaterials and demonstrated their
possible applications in SERS and catalysis performance. Most importantly, our work showed and
provided better fundamental understandings of plasmonic-based hybrid nanomaterials and allowed
for the manipulation of the interaction between nanoscale components. The designs of the asdiscussed hybrid nanomaterials illustrated great potentials in plasmonic-based applications,
including SERS, catalysis, and photothermal conversion-based therapy.
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